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Abstract 

 

 

 The relationship between catalyst surface structure and reactivity/selectivity still represents 

one of the most important questions to be addressed in modern heterogeneous catalysis. Such 

fundamental information would allow for the rational design of new and improved catalytic 

materials. It is now well known that catalyst surfaces are dynamic and can be affected by the 

experimental conditions (e.g., temperature, pressure, and gas or liquid composition). Therefore, it 

is critical to establish structure-performance relationships for catalysts operating under reaction 

conditions given their dynamics by simultaneously collecting catalyst characterization and online 

product analysis data, an approach that has been referred to as operando spectroscopy. By 

simultaneously performing time-resolved in-situ spectroscopy and online product analysis, it is 

possible to directly relate the catalyst surface/bulk structure with catalyst performance. Typically, 

the kinetic data is obtained by using an auxiliary piece of equipment/detector (e.g., FTIR, UV-Vis, 

MS). Being able to collect the kinetic data directly from the spectroscopic technique would 

represent an essential advance following a natural evolution in the field of operando techniques. 

 Raman Spectroscopy stands as one of the more powerful techniques for the surface 

structural characterization of heterogeneous catalysts due to the critical change in polarizability 

most of the transition metal oxides show. A custom made operando Raman experimental setup 

was designed and built to time resolve the fast redox processes occurring in metal oxide catalysts, 

which are highly relevant in catalytic partial oxidation reactions. Using a supported ternary metal 

oxide catalysts (V-Nb/SiO2), the new time-resolved operando Raman methodology, coined in this 

study as Raman-spectrokinetics, was proved to evaluate synergistic effects as a function niobia 

promoter loading in a vanadium supported catalyst. For the first time, oxidation kinetic data from 

the vanadium active site was obtained directly from the Raman spectra. The results obtained using 
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Raman-spectrokinetics allowed us to follow the way vanadium interacts with niobia during the 

time-resolved redox process studied. 

 In order to understand the structural catalysts features occurring at the surface of the V-

Nb/SiO2 ternary metal oxide catalyst series and how they are correlated with the synergistic effects 

found by Raman-spectrokinetics, a combination of in-situ Raman spectroscopy, with in-situ FTIR 

and NAP-XPS was performed. Among the V-Nb/SiO2 catalyst series, the 4V/4.2Nb/SiO2 showed 

the highest reducibility among the whole series, demonstrating an enhanced synergistic effect as a 

result of the close interaction between the (VO4)n and (NbO4)m surface groups during the formation 

of a joint monolayer at the surface of the silica support. 

 Finally, support and loading effects were studied in a series of supported vanadium oxide 

catalysts using SiO2, Al2O3, ZnO2, Nb2O5, and TiO2, aiming to evaluate the maximum potential of 

the Raman spectrokinetics approach. Furthermore, activation energy values and reaction order 

with respect to oxygen were determined with kinetic data calculated directly from the Raman 

spectroscopic data. The highest and lowest activation energy values were found for V/Al2O3 (50.2 

kJ mol-1), and V/ Nb2O5 (15.9 kJ mol-1) respectively. Furthermore, all the other metal oxide 

supported catalysts (SiO2, ZrO2, Nb2O5, and TiO2) presented similar activation energies of about 

20 kJ mol-1, which are lower to the reported for bulk samples. Thus, Raman-spectrokinetics served 

as a versatile approach to obtain surface kinetic information from supported metal oxide catalysts, 

providing the needed chemical insights about the surface properties of molecularly dispersed metal 

oxide catalysts that previously were not attainable by other characterization methods. 
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I. Chapter 1 – Introduction and Literature Review 

I.1. Introduction 

Catalytic oxidative reactions are among the most employed chemical processes in industry to 

produce and improve chemical intermediates (e.g., methanol to formaldehyde, ethylene to ethylene 

epoxide, n-butane to maleic anhydride, o-xylene to phthalic anhydride, among others).1, 2 

Additionally, oxidative processes are one of the most relevant catalytic alternatives for the 

environmental remediation of exhaust emissions (e.g., hydrocarbons and CO to CO2, H2S to 

elemental sulfur and SO2, among others).3-7 In both of these applications, the oxidative chemical 

transformations are dependent upon the catalytic active sites where they occur that are present on 

the surface of the catalytic material.8 

The relationship between catalyst surface structure and reactivity-selectivity remains one of 

the most relevant topics in heterogeneous catalysis.8, 9 Fundamental knowledge obtained in this 

area can contribute to the more rational design of advanced catalysts. Nowadays, it is well known 

that the surface of catalytic materials can suffer changes during the course of the catalytic reaction 

due to the influence of temperature, pressure, and composition of the reactant gas or liquid.10, 11 

Thus, understanding the structure-reactivity relationships of heterogeneous catalysts under 

working reaction conditions is critical. Figure 1a lists many of the features of heterogeneous 

catalysts that require molecular-level information for gaining insight on structure-reactivity 

relationships. Likewise, Figure 1b illustrates the different energy sources used by commonly 

employed characterization techniques to facilitate the understanding of catalytic reactions. These 

characterization techniques can be broadly classified into two main categories: (i) surface sensitive 

and (ii) bulk sensitive. 
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Figure 1. Scheme showing (a) the many aspects of supported catalysts that require characterization 

on the molecular level and (b) the manner in which different existing characterization techniques 

approach the problem. Figure adapted from elsewhere.12 

 

In surface sensitive characterization techniques, the experimental response results from the 

most external atomic/molecular layers of the solid catalyst.12-14 Low-energy radiation can only 

travel over distances of between one and ten interatomic layers in the solid-state, implying that 

such particles leaving a catalyst may reveal surface-specific information.12 The main disadvantage 

of the small mean free path between the sample and the detector (characteristic of surface sensitive 

techniques) is that measurements must be performed in a high/ultra-high vacuum. It has been 

reported that some reaction mechanisms taking place under typical surface sensitive ultra-high 

vacuum experimental conditions (10-5–10-11 mbar) could be significantly different from those 

taking place under ambient/high-pressure (HP) conditions (mbar–bar range).15 Therefore, 

tremendous efforts have been made to adapt existing surface-science techniques to near/real 

process pressure conditions.16 

I.2.  In-situ characterization techniques 

In-situ is a Latin word for “on-site,” and means that catalyst characterization is performed under 

a controlled atmosphere (vacuum, reducing, oxidizing or reaction conditions) in an environmental 

a) b)
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cell or chemical reactor.8, 10, 17 If the treatment or reaction is stopped and the catalyst is moved to 

a new location for analysis, then the characterization is referred to as ex-situ, meaning “off-site” 

or “from site”.10 In-situ characterization studies have allowed scientists to observe catalysts under 

controlled conditions; however, they fall short of providing a direct relationship between catalyst 

structure (bulk/surface) and performance (activity and selectivity) because of the absence of 

corresponding reaction product analysis as by definition they don’t require coupling an additional 

analytical instrument for products analysis. So, using in-situ techniques, fundamental studies of 

the physical and chemical properties of a catalyst can be performed, obtaining information about 

composition, structural features, surface morphology, electronic states, and chemical reactivity17. 

The product analysis limitation of in-situ spectroscopy characterization can be overcome by 

simultaneously collecting catalyst characterization and online product analysis data, which has 

been referred to as operando spectroscopy.10, 18, 19 

I.3.  Operando characterization techniques 

Operando is Latin for “working,” and describes simultaneously performing time-resolved in-

situ spectroscopy and online product analysis, which makes it possible to relate the catalyst 

surface-bulk structure with catalyst performance.15, 18, 19 The operando spectroscopy methodology 

has been quickly adopted by the catalysis community since it was established, giving space for 

numerous improvements.10 A schematic representation of the different elements involved in the 

operando experimental setup is shown in Figure 2. 
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Figure 2. Representation of an operando spectroscopy experimental setup 

 

Important considerations should be made of reactors for in-situ/operando applications in order 

to approach real reaction conditions and, at the same time, deliver meaningful data.15, 16, 20 As a 

result, significant developments have been made to move from batch to plug flow reactor designs. 

In general, a reactor for operando spectroscopic studies should have a low dead volume (empty 

volume for gas flow before and after the reactor), good contact of the reactant gases with the 

catalyst, flexible space velocity in order to vary conversion, and a uniform temperature profile in 

the catalyst bed to allow for isothermal measurements.10, 21 Current construction of commercial 

and custom-made operando cells takes all of the previously highlighted details into 

consideration.13, 16 

Multiple spectroscopic techniques, such as Raman, IR, UV-vis, X-ray absorption (EXAFS 

/XANES), nuclear magnetic resonance (NMR), and electron spin resonance (ESR), are commonly 

used in operando spectroscopic setups.8, 22-28 The coupling of the previously mentioned techniques 

with simultaneous online analysis of products (GC, MS, IR, or UV-vis) satisfies the criteria of the 

operando experimental approach.10 Among all the available operando spectroscopic options 

Reactants

DetectorRadiation source
Detector 
(GC, MS)

Products

Working 
conditions (P, T)
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mentioned before, Raman spectroscopy serves as one of the techniques of choice due to its ability 

to provide molecular-level information that allows for discrimination between multiple catalytic 

active sites that may be present on the surface of an oxidation catalyst.1, 29-31 

The Raman vibrational spectrum allows for the determination of the molecular structure of the 

metal-oxide catalytic active sites in all types of oxidation catalysts (supported metal oxides, 

zeolites, layered hydroxides, bulk pure metal oxides, bulk mixed oxides and mixed oxide solid 

solutions).1, 8, 22, 24, 28, 32, 33 Likewise, Raman spectroscopy offers the flexibility to operate in 

different media, temperatures, pressures, coupled with its capacity to provide molecular-level 

information about oxide-based catalysts. All these capabilities make Raman spectroscopy the most 

suitable characterization technique for getting insights on the molecular structure and surface 

chemistry of the catalytic active sites present in heterogeneous catalysts. The recent development 

of the operando Raman spectroscopy methodology (e.g. Raman-Mass Spectrometry (Raman-MS) 

and Raman-Gas Chromatography (Raman-GC)) has allowed for the establishment of direct 

structure-activity/selectivity relationships.8, 10 Different operando approaches as TPSR34 and 

SSITKA,35 based in FTIR characterization of the organic substrate while interacting with the 

catalytic active site (inorganic phase), have provided relevant insights in the kinetic 

characterization of catalytic reactions. Equally important but less explored has been the 

characterization of catalytic processes occurring on the inorganic phase/side of the catalytic 

reaction. Gaining insights directly into the redox processes the active site undergoes during a 

catalytic reaction could result in one of the more valuable pieces of information for a catalytic 

process. 
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I.4. Objectives of research 

 Design and build a cutting-edge experimental setup for mixing gases in both continuous and 

pulse mode that enables the performance of in-situ/operando time-resolved Raman 

experiments. 

 Use operando Raman/MS as a tool for obtaining insights into the redox behavior of metal 

oxide catalysts with at least one Raman active site using time-dependent and time-resolved 

modes over several reaction cycles (reactant pulses). 

 Gain further insights into structure-function relationships in ternary metal oxide catalysts to 

explain the nature of synergistic effects observed by Raman-spectrokinetics using combined 

spectroscopic approaches. 

 Determine kinetic parameters (activation energy, reaction order, and kinetic constants) of 

binary vanadia supported catalysts following their redox behavior by Raman-spectrokinetics 

to gain insights into the effect of the metal oxide support during the vanadia redox process. 

I.5. Outline of this work 

Chapter I Introduction and Literature Overview: provides a general introduction about the 

different ways of gaining structure-reactivity-selectivity insights on heterogeneous catalysts. 

Chapter II Experimental part: describes both the experimental procedure and the analytical 

techniques used to prepare and characterize the solid catalysts in this study. 

Chapter III Developing the new tool: discusses the homemade Raman-spectrokinetic approach 

to gain insights on the structure-reactivity relationship of supported metal oxide catalysts. 
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Chapter IV Further understanding of the V-Nb ternary catalysts: describes the use of 

combined spectroscopic approaches to gain structural details of the ternary metal oxide material 

to understand the synergistic effect observed by Raman-spectrokinetics 

Chapter V Extending the use of Raman-spectrokinetics: the developed tool will be used in a 

series of vanadia supported catalysts on different supports to gain insights into their redox 

behaviour, activation energy, and reaction orders. 

Chapter VI Conclusions and future work: highlights the most relevant results obtained during 

this work and the next steps to be followed for proving that the Raman-spectrokinetics approach 

can be a potential tool for the rational development of catalytic materials. 
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II. Chapter 2 – Experimental 

II.1. Materials synthesis and characterization 

II.1.1. Incipient Wetness Impregnation 

Impregnation and drying catalyst preparation processes are synthesis techniques that are used 

frequently, among others, due to their simple implementation.36 The two main impregnation 

methods are (i) wet impregnation (WI), where the support is immersed in an excess of solution, 

and (ii) pore volume impregnation (PVI) (also known as incipient wetness impregnation (IWI) or 

dry impregnation (DI)), in which an amount of solution that is just enough to fill the pore volume 

of the support is used.36 The liquid diffusion into the pores of the solid support occurs due to the 

capillary pressure difference. In this process, metal precursor solutions (i.e., alkoxides, chlorides, 

nitrates) are prepared at the required specific metal loadings. The solutions are then impregnated 

on catalytic supports, such as SiO2, Al2O3, and TiO2, according to the supports pore volume. The 

impregnated samples are then dried and calcined. A schematic representation of the overall process 

is shown in Figure 3. 

 

 

Figure 3. Incipient Wetness Impregnation catalyst preparation process37 
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II.1.2. Nitrogen Physisorption 

Gas adsorption is generally used for the characterization of surface area and porosity in porous 

materials.38 The majority of such experiments are performed with simple gases such as nitrogen, 

argon, and krypton at 77K in a liquid nitrogen cryostat. The general experimental protocol is 

relatively simple. After weighing the sample in the measuring cell, there are essentially five stages: 

i) Activation 

ii) Dead space volume 

iii) Calibration 

iv) Adsorption 

v) Desorption 

In the case of the adsorption of nitrogen, the adsorption isotherm represents the totality of 

equilibrium states for pressures from zero to the saturation vapor pressure of this gas, as every 

point in the isotherm results from nitrogen adsorption at equilibrium at a specific nitrogen partial 

pressure. Important catalyst parameters such as pore size and pore volume can be obtained from 

the resulting isotherm curve. Additional relevant parameters like the catalyst’s surface area can be 

calculated using different models, with the BET equation resulting as the most prominent one used 

for calculating specific surface area. 

II.1.3. Temperature Programmed Reduction 

Temperature-programmed techniques are applied in heterogeneous catalysis to characterize 

redox, acid/base, and metal dispersion in catalytic materials. In particular, temperature-

programmed reduction (TPR) has raised as a powerful tool to analyze the reduction kinetics of 
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metal oxide catalysts.39 It is a destructive method and often characterizes not only the surface but 

also the bulk of the catalyst. In a TPR experiment, the sample is first fully oxidized. Then, using a 

programmed temperature ramp, the sample is reduced under diluted hydrogen. As a result, an H2 

consumption profile as a function of the temperature is obtained, and characteristic parameters 

related to the reducibility of the catalyst can be determined. 

II.1.4. X-Ray Diffraction 

X-ray diffraction (XRD) is one of the most important techniques for the characterization of bulk 

structure in catalytic materials. In this technique, a mono- or polycrystalline sample is illuminated 

by a monochromatic X-ray source varying the angle of incidence. As a result, a diffraction pattern 

is generated where the observed reflections are related to a lattice plane, occurring at an angular 

position 2.40 Those previously mentioned variables are associated to the interplanar spacing and 

the X-ray wavelength, as it is defined by Bragg’s law.40 Relevant structural information from the 

bulk material as lattice symmetry, shape and size of the crystal unit cell. In the specific case of 

powder diffraction, the pattern obtained can also be used as a fingerprint for identification purposes 

of bulk catalytic materials. 

II.1.5. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a widely used surface-sensitive technique. It can 

detect surface composition in catalytic materials (chemical and electronic states), as well as 

identifying adsorbates and the changes in their chemical environment. This technique is 

implemented using X-rays from a monochromatic light source, which are directed on a solid 

material. The energy of the incident X-rays is strong enough to remove the inner shell electrons 

from the chemical elements of the studied material. Using the information provided by the emitted 
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photons (angle and kinetic energy), specific information as the chemical identity, oxidation states, 

and the chemical environment is gained. One of the main requirements for the technique is the 

presence of ultrahigh vacuum (10-8 to 10-10 mbar) to avoid interferences in the photoelectrons mean 

free path between the sample and the detector.41, 42 

II.1.6. Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is one of the most versatile analytical 

techniques for the characterization of solid and liquid compounds. When this technique is used in 

transmission mode, a pellet of a solid material is prepared and placed in the pathway of an infrared 

light beam.43 Because of the inelastic interaction of the infrared electromagnetic radiation and the 

target material, different kinds of molecular vibrations are produced.43 The vibration modes that 

result in a change in the molecular dipole moment selectively absorb IR radiation.43 As a result, 

the transmitted light from the sample is used to follow the specific wavelengths at which the IR 

radiation was absorbed by the sample. For metal oxide catalysis, this technique provides critical 

information to characterize the surface of the studied materials. 

II.1.7. Raman Spectroscopy 

Raman spectroscopy results in one of the most used techniques for characterizing metal oxide 

catalytic materials,10 due to the change in polarizability that metal oxides show after interacting 

with monochromatic light. The Raman effect can be explained by the fact that the incident light of 

frequency  is modulated by the vibration of a molecule with frequency 1 as illustrated in Figure 

4. The Raman effect is also known as a weak phenomenon in nature, as only 1x10-6 % of the total 

amount of incident light results in Stokes or Anti-Stokes Raman scattered light. 
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Figure 4. (a) Interaction of electromagnetic radiation at the molecular level, highlighting the weak 

nature of the Raman effect, and (b) illustration of the electronic transitions happening during the 

interaction of the molecules with the incident light resulting in the Raman effect44 

 

The molecular aspect of the Raman vibrational selection rules allows for the determination of 

the molecular structure of the metal oxide catalytic active sites in all types of oxidation catalysts. 

The ability of Raman spectroscopy to operate in all phases (gas, liquid, solid, and their mixtures), 

over a very wide range of temperatures and pressures, makes Raman spectroscopy one of the most 

relevant characterization techniques for gaining insights on the molecular structure and surface 

chemistry in heterogeneous oxidation catalysts.  

a)

b)
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II.2. Experimental methodology 

As a starting point for operando Raman experiments, the gas feeding system requires a steady 

mass flow, giving enough flexibility for studying catalytic reactions under different environments 

(inert, oxidation, and reduction gases). Also, for time-resolved reactions, a valve system that 

allows for the feeding of small and precise gas volumes is necessary. The P&ID diagram in Figure 

5 shows the original design for a gas feeding system where pure gases and their mixtures can be 

fed to the operando catalytic cell. Details on the instrumentation and materials required for 

building the gas feeding system in continuous and pulse mode is provided (Figure 5a). 

 

Figure 5. (a) P&ID diagram for the box required to perform the In-situ/operando Raman 

experiments in continuous and time-resolved mode, and (b) external view picture of the built setup 
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The gas-feeding box was designed and built to have enough flexibility to perform a variety of 

reactions usually evaluated in the heterogeneous catalysis field. One of the capabilities of the built 

gas-feeding box is switching between a dry or a saturated vapor gas stream as it is shown in Figure 

6a, just by switching one valve. This feature is especially useful for reactions where low vapor 

pressure liquids are fed to a catalytic reactor. The second and most important capability of the gas 

feeding box is the flexibility of feeding the reactive gas stream (dry or vapor saturated) in a 

continuous mode or in pulses injected to an inert gas stream (Figure 6b) by switching two ball 

valves simultaneously. The injection system is composed of two electronic actuated two-position 

valves, with one of them having a low volume loop for low loading catalysts and the other one 

with a large volume loop for high loading and/or bulk materials. The valve actuators are controlled 

by a PC running a VisualBasic script code executed by a SecureCRT command prompt. The code 

was built to manage two variables: (i) waiting time between pulses, and (ii) amount of pulses to 

be injected to the reactor, as follows: 

#$language = "VBScript" 

#$interface = "1.0" 

 

crt.Screen.Synchronous = True 

 

Sub Main 

 Dim count 

 Dim wait 

 count = 0 

 do 

 crt.Screen.Send "TT" & chr(13) 

 wait = DateAdd("s", 360, Now()) 

 do 

 loop until (Now() > wait) 

 count = count + 1 

 loop until count >= 30 

End Sub 
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Figure 6. Gas-feeding box PFD highlighting (a) dry and saturated vapor gas segments and (b) 

continuous and pulses sections 

In-situ and operando studies should be distinguished, as in-situ Raman cells are not necessarily 

designed as catalytic reactors. In-situ cells thus might be limited by diffusional constraints, 

insufficient gas flow patterns, and significant flow, temperature, and pressure gradients, which 
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render them inadequate to deliver catalytic data. For operando spectroscopic studies, the cell has 

to be a catalytic reactor meeting the necessary design specifications, such as (i) absence of mass 

or energy transfer limitations and (ii) absence of bypassing or back-mixing, and (iii) no mass 

transfer effects that allow the procurement of clean reaction kinetics and activation energies.45 In 

this study, a commercial in-situ/operando catalytic Linkam CCR-1000 reactor will be used. This 

cell (in addition to addressing the previously listed requirements for operando reactors) allows for 

working in a broad range of temperatures (from ambient to 1000 °C) using heating rates going 

from 1 to 200 °C/min. Additionally, pressures from ambient to 5 bar can be achieved. The design 

details for this catalytic cell can be found in Figure 7. 

 

Figure 7. (a) Design features for the Linkam CCR-1000 catalytic cell, and (b) picture showing the 

external view of the cell together with its cooling system 

a)

b)
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In order to address the online quantification of reaction products, quadrupole mass 

spectrometers are now widely used for gas analysis. They offer fast, on-line analysis with the 

ability to monitor a large number of different gases and gas mixtures with a single analyzer. The 

gas composition can be monitored over a wide dynamic range from ppb to percentage levels. A 

quadrupole analyzer incorporating a closed ion source, a triple mass filter, and a dual (Faraday and 

Secondary Electron Multiplier) detector system are among the main components of the mass 

spectrometer. This analyzer configuration is selected to optimize sensitivity and long term stability 

performance. A stainless steel vacuum chamber is pumped by an oil-free high compression 

turbomolecular/diaphragm pump combination to accomplish the vacuum levels required              

(10-6-10-7 torr). At the inlet, the gas feed is hit by the electron beam, resulting in a distribution of 

fragments of different molecular masses that, after being aligned in the quadrupole, can be 

individually tracked in the ion detector, as illustrated in Figure 8.46 

 

Figure 8. Illustration of the main parts of a Quadrupole Mass Spectrometer: (a) ionization chamber, 

and (b) quadrupole section 

 

a) b)
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Once all the previous described components (gas feeding box box, Raman Microscope, in-

situ/operando catalytic cell, and mass spectrometer) are assembly together, the operando Raman 

setup is obtained as can be seen in Figure 9. 

 

Figure 9. Picture showing the operando Raman setup. Different components of the setup can be 

distinguished: (a) operando box, (b) Raman microscope, and (c) mass spectrometer 
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III. Chapter 3- Developing a Raman Spectrokinetic Approach to Gain Insights into the 

Structure-Reactivity Relationship of supported Metal Oxide Catalysts 

III.1. Abstract 

The elucidation of structure-reactivity relationships in supported metal oxide catalysts has 

proven to be a challenge that remains unresolved for various catalytic systems, especially for 

supported ternary metal oxide catalysts. The catalytic performance of these ternary multi-

component systems is controlled not only by their coverage (two- or three-dimensional MOx 

structures) but also by the ratio of the molar loading between the different MOx species. In this 

contribution, we show that by combining operando Raman spectroscopy and transient reaction 

kinetics, the redox reaction rates of a catalyst can be measured in real time and directly from the 

Raman spectra. More importantly, such rates can be correlated to a specific catalytic site (i.e. the 

one originating from the Raman signal) as opposed to an average overall reaction rate that can 

typically be obtained by mass spectrometry (MS) or gas chromatography (GC).  This approach, 

defined as Raman- spectrokinetic, was demonstrated by monitoring the Raman signal assigned to 

the vanadyl (V=O) vibration (c.a.  1032 cm-1) in a series of ternary V/Nb/SiO2 catalysts in order 

to ascertain the effect of niobia over the redox properties of vanadium oxide. The Raman-

spectrokinetic data shows that the presence of niobia at the lowest loadings accelerates the 

formation of the V=O group during oxidation. A Temperature Programmed Reduction (H2-TPR) 

study corroborates the above-mentioned Raman spectrokinetic results. In addition, a similar redox 

trend, albeit varying in magnitude, is observed from the transient kinetic data obtained by mass 

spectrometry.  
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III.2. Introduction 

Currently, many important processes in the chemical industry depend on catalytic partial and/or 

total oxidation reactions.47, 48 However, several promising selective oxidation reactions that utilize 

metal oxides, such as oxidative dehydrogenation and oxygen functionalization, still require 

improvements in selectivity, productivity, and stability to prove industrially viable. Among all the 

transition metal oxides used for the selective oxidation of light hydrocarbons to produce olefins 

and/or oxygenates, metal oxides derived from group-V elements, 49 especially vanadium oxide, 2, 

50, 51 stand out as the most promising catalysts. In addition, within this subset of metal oxide 

catalysts, supported metal oxide catalysts have been widely studied as model systems. 

Up to now, it has been possible to establish structure-reactivity relationships for various 

selective oxidation reactions over supported vanadia catalysts, such as the oxidative 

dehydrogenation of ethane, 52 propane, 53 and isobutene. 54 This is achieved by using well-defined 

supported metal oxides at sub-mono- and monolayer coverage (containing purely two-dimensional 

MOx species). 55-59 It is generally desired to promote monolayer coverage (two-dimensional VOx 

surface species) over vanadia nanoparticles (three-dimensional V2O5 surface species) in supported 

catalysts to improve selectivity towards olefins and/or oxygenates. 2 

Despite the large utilization of metal oxide catalysts on an industrial scale, the lack of a better 

understanding of the chemical nature (e.g. redox properties, surface acidity/basicity strength) of 

metal oxides catalysts (especially bulk and/or supported oxides containing more than one 

component) has limited the establishment of extensive quantitative and universal structure-

reactivity-selectivity-stability relationships in heterogeneous catalysis with metal oxides. This, in 
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turn, has delayed the rational design and discovery of new catalysts, such as those used for selective 

oxidation of hydrocarbons. 

In order to gain insights into the chemical nature of the active sites in metal oxide catalysts, we 

are coupling operando Raman spectroscopy and transient (redox) kinetics to contribute in the 

endeavor for a more rational design of metal oxide catalysts. A related approach, the methanol 

temperature programmed surface reaction (CH3OH-TPSR), has already been successfully applied 

for bulk 14, 60, 61 and supported 34 mixed metal oxides to determine the chemical nature of the active 

surface sites. This approach primarily uses operando FTIR-MS to gain fundamental surface 

information and mechanistic insights by determining the nature of the active sites (acidic, basic, 

redox) and the reaction kinetics (rate determining step by applying the Redhead equation) 60 for 

selective oxidation reactions. Interestingly, this approach provides kinetic information (rate 

determining step of a reaction) directly from the FTIR spectra, reinforcing vibrational optical 

spectroscopy as a powerful tool in heterogeneous catalysis. Similarly, in-situ/operando Raman 

spectroscopy is a versatile technique to study metal oxide catalysts 22, 28, 62-65 although, to the best 

of our knowledge, obtaining kinetic parameters directly from the Raman spectra has not yet been 

reported. Combining FTIR and Raman spectroscopy to obtain kinetic parameters would be ideal 

to gain unique kinetic insights directly from spectroscopy and consolidate the spectrokinetic 

approach. 

The term spectrokinetics is present in several publications dating back as early as 1952. 27, 66-68 

It has been employed repeatedly in papers in which kinetic data has been obtained through 

spectrophotometric techniques,69, 70 usually as a means to elucidate mechanistic details of 

biological reactions. Additionally, it has been utilized to denote experiments in which 

optical/spectroscopic measurements (FTIR) were coupled with kinetic analysis (mass 
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spectrometry) in an operando approach in which the two were obtained simultaneously in a single 

reactor. 71 Matyshak et al. extensively used FTIR-spectrokinetics to study selective oxidation 

reactions 27 and spectrokinetics was defined in a follow-up study as “a method that consists of 

simultaneous measurements of the rate of surface species transformations using in-situ FTIR 

spectroscopy”.68 More generally, we define spectrokinetics as an operando spectroscopic 

methodology in which reaction rates (kinetics) are obtained directly from spectroscopic data. 

The aim of this study is to combine operando Raman-MS spectroscopy and both steady state 

(continuous flow) and transient (pulses) kinetics to measure and compare the rate of reactant 

consumption and/or product formation with the rate of increasing-decreasing of specific Raman 

signals. Our methodology allows the time resolution of the redox reactions to then have the 

necessary time to obtain Raman spectra under operando conditions (simultaneously monitoring 

the surface MOx species on the surface of the catalyst under reaction conditions and measuring 

kinetic parameters). As a consequence, a direct correlation of the redox properties of specific sites 

(and how such redox rates vary with reaction conditions) with the consumption of reactants and 

the formation of products can be made. 

III.3. Experimental section 

 

III.3.1. Material Synthesis 

 

Following a procedure slightly modified from that described elsewhere, 72 sodium was added 

to pristine SiO2 silica (Aerosil200 from Evonik; 200 m2 g−1) to improve the reactivity of silanol 

(Si-OH) groups and therefore enhance (from 2.3 to 9 Matoms nm-2) the monolayer coverage of metal 

oxides on SiO2. It is important to note that Na+ in homeopathic amounts does not remarkably 

influence the reactivity of vanadia, as demonstrated elsewhere. 72 By following the anhydrous 
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incipient wetness impregnation (IWI) methodology, an appropriate amount of sodium ethoxide 

(95%, Sigma-Aldrich) was diluted in dry ethanol (Sigma-Aldrich, 99.5 %) equivalent to the pore 

volume of the Aerosil200 (1.4 mL g−1). Then, the solution was impregnated on SiO2 and before 

being subjected to calcination under air, ramping at 2 °C min−1 to 700 °C, and holding at 700 °C 

for 4 h. The Na+-SiO2 material contained 0.33 wt.% Na+ and showed a surface area of 184 ± 7 m2 

g−1. 

Binary vanadium and niobium oxide catalysts were also synthesized via anhydrous incipient 

wetness impregnation (IWI). A detailed procedure can be found elsewhere. 30, 72 Briefly, both 

vanadia and niobia were supported on SiO2 by IWI of vanadium oxytriisopropoxide (VTI; Sigma-

Aldrich) diluted in dry isopropyl alcohol (Sigma-Aldrich, 99.5%) and niobium ethoxide (Sigma-

Aldrich, 99.98%) diluted in dry ethanol (Sigma-Aldrich, 99.5%), respectively. The concentration 

of vanadium and niobium was modified to obtain the desired oxide loadings. Samples were 

vacuum-dried inside the glovebox after impregnation and then calcined in a muffle furnace as 

follows: (i) dried under N2 at 120 °C for 3 h, (ii) ramped to 550 °C at 1 °C min-1 under dry air, and 

(iii) calcined at 550 °C for 3 h. This methodology was then repeated identically to prepare 

supported ternary (VOx)m-(NbOy)n/SiO2 catalysts. The only additional step for the preparation of 

the ternary systems is the calcination of Nb/SiO2 materials prior to creating a constant 

impregnation with a consistent amount of vanadium oxide to obtain the final ternary metal oxide 

catalyst. As expected, the wetness point for SiO2 does not change after adding Nb primarily due 

to the low coverage and highly Nb dispersion. Bulk H-Nb2O5 and V2O5 were from Alfa Aesar, 

SiO2 was from Evonik. 
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III.3.2. Characterization 

Metal loadings for the different materials were determined using induced coupled plasma 

optical emission spectroscopy (ICP-OES) after complete acid digestion. BET surface areas were 

determined using a Quantachrome Nova1400 equipment (t-plot analysis). Both ICP and BET were 

measured up to three times for each sample to ensure an accurate determination of the metal oxide 

coverage. The temperature programmed reduction (H2-TPR) studies were done to determine the 

reduction temperature of catalysts using Quantachrome Autosorb iQ and ASiQwin instruments. 

Approximately 100 mg of the sample was inserted in a U-type quartz tube, and H2-TPR studies 

were performed, reducing the sample from ambient to 800 °C at a ramp rate of 5 °C min-1 under 

hydrogen-nitrogen mixture (5% hydrogen) at a flow rate of 20 ml min-1. A thermal conductivity 

detector was used to measure the amount of hydrogen consumption. 

Raman spectroscopy studies were performed using a Renishaw InVia Qontor Raman 

Spectrometer equipped with 785, 532, and 405 nm solid-state lasers, 5x, 20x, 50x, and 100x 

objectives, and an MS 20 Encoded Stage. All measurements used a 405 nm laser and                      

2400 L mm-1 grating and were taken with a range of 200–1500 cm-1 using a 50x long-distance 

objective, 20 seconds of exposure time, 50% of power, and 3 accumulations. In-situ/Operando 

Raman studies were performed by coupling a CCR-1000 cell to the Raman microscope. Details 

on the cell configuration can be found in Figure 10. The Linkam CCR-1000 was used during the 

In-situ/Operando experiments. An alumina crucible of 5.5 x 7 mm was used to hold the sample. 

Gaseous reactants flow pattern goes from top to the bottom of the catalyst. A porous ceramic cloth 

holds the sample inside the crucible and allows gases passing through. The thermocouple wire is 

located along the periphery of the crucible at the same height where the sample is placed.  



25 
 

 

Figure 10. Schematic drawing of the sample holder with flow patterns detailing all the key 

components around it. The thermocouple is highlighted in red to illustrate the exact point it is 

located around the alumina crucible 

The thermocouple is located along the periphery of the crucible at the same height where the 

sample is placed. In addition, we used a thin layer of the sample (about 3 mm high) and high gas 

hour space velocity (GHSV  51x103 cm3 g-1 h-1) to further minimize the temperature gradients 

along the axial direction across the bed. It has been reported that the laser output power of 70 mW 

provides negligible energy input as compared to the heat input by the heating element to maintain 

a 550 °C reaction temperature. 73 Herein, we are using 50 mW and 500 °C. Therefore, overheating 

of the sample is not expected. Samples were dehydrated by ramping 10 °C and holding at 500 °C, 

under air for 1 h before measurement. The gases coming out the Linkam cell were analyzed using 

an MKS Cirrus2 Mass Spectrometer. Operando Raman studies were performed in both steady 

state and transient mode to evaluate the redox properties of the materials and establish a basis from 

which to perform a Spectrokinetic study. The LiveTrack feature of the Qontor version of the InVia 

Raman Microscope was used to maintain the sample in focus and, therefore, more accurately 

correlate changes in the intensity of the Raman signals with specific chemical reactions as a 
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function of time. Blank experiments for the in-situ/operando Raman experiments were performed 

as follows:  

 We heated the ceramic cloth: up to 600 °C and no O2/H2 consumption was observed. 

 We heated the silica (support) up to 600 °C and no O2/H2 consumption was observed. 

 We tested 4V/SiO2 as a fine powder (<200m) and pellets (200-300m) and we did not 

observe mass transfer limitations. Also, we don´t observe pressure drop using pristine powder. 

III.3.3. In-situ Raman Spectroscopy: Steady State Redox Study 

All samples were reduced overnight under pure hydrogen at 500 °C at a flow of 30 mL min-1 

to reduce most of the dispersed vanadium. After reduction, any remaining hydrogen was purged 

using pure nitrogen at the same flow for about 15 min (H2 was monitored by MS). To study the 

redox behavior of the different catalysts, a two-step procedure was followed: (i) 21% O2 (nitrogen 

balance) at a flow of 30 mL min-1 was used. Raman spectra were taken during the oxidation process 

following the V=O vibration appearing between 995 and 1050 cm-1 until constant intensity for this 

peak was achieved. (ii) 21% H2 (nitrogen balance) at a flow of 30 mL min-1 was used. Raman 

spectra were taken as a function of time following the diminishing intensity of the V=O vibration 

until constant intensity (or complete disappearance) for this peak was achieved. About 3 minutes 

was needed to complete each spectrum reported for the in-situ study. 

III.3.4. Operando Raman Spectroscopy: Transient Redox Study  

An overnight reduction process was performed as described above to reduce all the materials. 

Then, pulses using a 100 L loop with 50% O2 in N2 were fed to the Raman cell, using 30 mL 

min-1 of N2 as a carrier gas. Following the oxygen pulse consumption by MS, several pulses were 
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fed to the cell until no further oxygen consumption was observed. Raman spectra were taken after 

each pulse in order to follow the oxidation of the vanadium oxide monolayer by tracking the V=O 

vibration. Blank experiments (often overlooked), spectrochemical and engineering considerations 

were accounted for to accurately obtain the presented operando Raman data.74 

III.4. Results and discussion 

By using BET and ICP, the metal oxide coverages for all the prepared catalysts were calculated 

and tabulated in Table 1. All samples contained metal oxide coverage below the theoretical 

monolayer coverage (c.a. 10 atoms nm-2).30 Therefore, the presence of either V2O5 or Nb2O5 

nanoparticles was not expected from the beginning. In fact, the slight monotonic decrease of BET 

as a function of metal oxide loading accurately evidences the presence of purely two-dimensional 

MOx species (M = V and Nb) for the presented catalyst series. Indeed, adding the calculated Nb 

and V coverage for the ternary (VOx)m-(NbOy)n/SiO2 systems shows that the MOx coverage for 

4V/1.4Nb/SiO2, 4V/2.2Nb/SiO2, 4V/4.2Nb/SiO2, and 4V/5.5Nb/SiO2 are about 28%, 33%, 45% 

and 60% of the monolayer, respectively. The coverage was calculated assuming Nb and V were 

totally dispersed over SiO2. 
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Table 1. Metal loading, surface area, and metal surface coverage for the prepared supported metal 

oxide catalysts 

 Metal loading$ Surface area$ Surface coverage 

Sample(a) (wt. % V) (wt. % Nb) BET (m2 g-1) (V nm-2)(b) (Nb nm-2) 

4V/0Nb/SiO2 3.5 - 159 2.60 - 

1.4Nb/SiO2 - 1.4 188 - 0.48 

2.2Nb/SiO2 - 2.2 171 - 0.84 

4.2Nb/SiO2 - 4.2 155 - 1.76 

5.5Nb/SiO2 - 5.5 141 - 2.53 

4V/1.4Nb/SiO2 3.6 1.4 146 2.27 - 

4V/2.2Nb/SiO2 3.6 2.2 133 2.49 - 

4V/4.2Nb/SiO2 3.5 4.2 121 2.67 - 

4V/5.5Nb/SiO2 3.5 5.5 110 2.93 - 
(a) SiO2 contains Na 0.33 wt. % (0.47 Na nm-2) 

(b) Calculated using Nb/SiO2 BET surface area 

SiO2: Aerosil 200 Degussa, surface area 194 m2 g-1 

$ICP and BET average data. See Appendix A1.1 

 

The presence of purely two-dimensional MOx surface species was corroborated by in-situ 

Raman spectroscopy. Figure 11 compiles the Raman spectra for the supported binary, ternary, and 

bulk (as a reference) materials. A band at  1032 cm-1 assigned to V=O stretching in isolated VO4 

surface species 2, 49 is observed for all vanadia containing samples. Likewise, in spectra (d) through 

(g) in Figure 11 a Raman band at ∼982 cm-1 confirms the presence of isolated NbO4 species.75, 76 

The absence of a band at 995 cm-1 and at 670 cm-1 assigned to V=O and Nb=O stretching for 

crystalline V2O5 2 and Nb2O5 particles, respectively,75, 76 contributes also as an indirect 

confirmation about the presence of purely two-dimensional metal oxide species in the ternary 

systems (spectra (i) to (l), Figure 11). The wider Raman signal at 806 cm-1 for the binary Nb/SiO2 

solids (spectra (d) to (g), Figure 11) is attributed to the Si-O-Si vibrations from the SiO2 support.75 

The decrease in intensity of this signal as a function of niobia coverage is due to the breaking of 

Si-O-Si bonds by the anchoring of the surface NbO4 species. 
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Figure 11. In-situ Raman spectra for dehydrated supported binary (Nb/SiO2, V/SiO2) and ternary 

(V/Nb/SiO2) metal oxides. Raman spectra for bulk oxides (V2O5, Nb2O5) and silica support (SiO2) 

were collected at ambient conditions (a,b,c). Metal coverage (atoms of metal per square 

nanometer) is labeled along its correspondent Raman spectra. Laser: 405 nm, air flow: 30 mL min-

1. Raman spectra were taken at 500 °C 

 

In addition to attaining a defined molecular structure of the species coexisting on the surface of 

the catalysts, getting insights on the chemical nature of such species is fundamental to extending 

our understanding of supported vanadium oxide catalysts for the oxidation reactions. Therefore, 
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we also performed H2-TPR, in-situ Raman spectroscopy, Raman-spectrokinetics, and catalytic 

reactivity studies. 

H2-TPR shows lower reducibility of supported vanadia species (both from onset and maximum 

reduction temperature) when niobia is added as depicted in Figure 12. The significant shift 

observed in the reduction peak, from 517 °C for V/SiO2 to 560-575 °C for the ternary V/Nb/SiO2 

catalysts, suggests an interaction between niobia and vanadia. We presume that such an interaction 

is via the formation of V-O-Nb bonds, which is discussed later (Section III.4.2.). The reducibility 

of vanadia decreases remarkably when containing low niobia coverage (4V/1.4Nb/SiO2 and 

4V/2.2Nb/SiO2), but it is less affected at higher niobia coverage (4V/4.2Nb/SiO2 and 

4V/5.5Nb/SiO2). Similarly, Lewandowska et al. found that Nb retards the reducibility of surface 

vanadium oxide species on V/Nb/Al2O3 catalysts.77 More interesting is the fact that the H2-TPR 

trend found in this study has never been reported before. We are confident that these new results 

are mainly due to the unprecedented high MOx coverage that can nowadays be achieved on SiO2 

after activating Si-OH with Na+.30 Those high loadings are achieved as a result of the proton 

titration from the Si-OH groups, forming the new more active Si-ONa anchoring sites for the new 

niobium and vanadium metal oxide phases. We would also like to highlight that Na+ is not 

influencing the reactivity directly, apart from allowing for higher coverage to be achieved, as the 

H2-TPR of NbOx-Na/SiO2 samples did not show any Nb(5+) reduction, which is the same as what 

is observed for NbOx/SiO2 (not containing Na+) samples. It has been reported that supported 

vanadia catalysts can be reduced up to some extent by hydrocarbons and/or hydrogen resulting in 

the formation of V4+ and V3+.24, 78, 79 However, knowledge of the chemical nature, concentrations, 

and ratio of vanadia ions (V3+, V4+, and V5+) on reduced supported vanadia catalysts still remains 

elusive. For vanadia containing ternary systems, it becomes more challenging to answer these open 
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questions. It has also been reported that samples containing higher vanadia coverage (with 

oligomeric V species) have increased reducibility.80 However, this does not necessarily apply for 

ternary catalysts because synergistic effects are also expected, as evidenced by our results (Figure 

12). An in-depth attempt to explain this trend is presented below (Section III.4.2. Operando Raman 

Spectroscopy, Transient Redox Study). 

 

Figure 12. H2-TPR profiles for V/Nb/SiO2 catalysts. The hydrogen consumption y-axis is not 

shown as the curves were shifted for better illustration 

 

In order to get more insights into the redox properties of the prepared catalysts, an in-situ Raman 

spectroscopy study was performed.  

III.4.1. In-situ Raman Spectroscopy, Steady State Redox Study 

The in-situ Raman spectra for the studied catalysts during reduction are found in Figure 13. It 

was found that the V=O Raman peak at   1032 cm-1 gradually diminished as a function of time 
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within the first 15 minutes of reacting with hydrogen. This relatively slow rate of vanadyl reduction 

enables the acquisition of Raman spectra in real time; however, it does not allow for quantification 

of the amount of hydrogen consumed as a function of time. 

 

Figure 13. In-situ Raman spectra during the reduction of supported metal oxides. Flow = 30 mL 

min-1. Temperature = 500 °C. Concentration = 21% H2/N2. The V=O Raman peak stays constant 

1032 cm-1 during the whole experiment 

 

In a similar fashion, we proceeded with the oxidation process of the different materials (steady 

state flow of O2) as it is shown in Figure 14. Interestingly, the overnight reduction process (8 

hours) was not enough to totally reduce the vanadia sites (V5+ to V3+) for the niobia containing 

materials, which is in line with the TPR results. Since it is outside the scope of this study, more 

severe reduction conditions were avoided to preserve the molecular structure of the metal oxide 



33 
 

species coexisting on the catalyst surface. By monitoring the evolution of V=O stretching ( 1032 

cm-1) as a function of time, it was seen that the V=O Raman peak approaches a maximum intensity 

within the first five minutes, indicating that the majority of the sample is oxidized rapidly. The fast 

oxidation process forbids both the acquisition of Raman spectra before the vanadia sites became 

totally oxidized and the quantification of the oxygen consumed during this process. 

The in-situ Raman approach does not allow for the evaluation of the structural dynamics of the 

studied catalysts, primarily due to time limitations, especially for the reduction of vanadia, which 

is extremely slow compared to the oxidation. Therefore, we coupled transient kinetics with 

operando Raman spectroscopy to time-resolve the oxidation process of supported vanadia 

catalysts. 
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Figure 14. In-situ Raman spectra during the oxidation of previously reduced supported metal 

oxides. Flow = 30 mL min-1, temperature = 500 °C, concentration = 21% O2/N2. The V=O Raman 

peak has a constant shift of  1032 cm-1 throughout the entirety of the experiment. 

III.4.2. Operando Raman Spectroscopy, Transient Redox Study 

Essentially, we coupled operando Raman spectroscopy with transient kinetics to time-resolve 

the fast oxidation process (106 cm3 mol-1 s-1) 23 of vanadia containing catalysts. To the best of our 

knowledge, this combination has not yet been reported, and therefore, we find it important to 

describe the approach. 

First, we proceed to define the reaction time for each individual O2-pulse as the time needed to 

complete a specific pulse signal in the MS. The time between each pulse in the MS profiles was 
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neglected, as there is no reaction during that period of time due to the absence of O2. Then, we 

added the time of each individual pulse to calculate the overall reaction time, as described in Figure 

15. 

 

treaction = ∑
∆tn

n
x (number of pulses)

n

i=1

 

Figure 15. MS oxygen consumption profile showing the time delta for each pulse used for 

calculating the reaction time in the transient experiments. 

As previously stated, the consumption of oxygen during the oxidation process was monitored 

by MS for the different studied catalysts as shown in Figure 16. Following pulses of total 

consumption, eventually oxygen starts to be only partially consumed, which is seen as the first 

pulses observed by MS. The gradual oxidation of reduced species continues up to the point where 

no oxygen consumption is observed (indicated by the intensity of MS O2-pulses remaining 

constant). 
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Figure 16. MS profile for m/z=32 (O2) of the ternary supported metal oxides (reduced phases) as 

function of the oxygen pulsed to the material. 30 mL min-1 N2 (carrier), temperature = 500 °C, 

concentration = 50% O2/N2, and pulses of 100L. (a) 4V/1.4Nb/SiO2, (b) 4V/2.2Nb/SiO2, (c) 

4V/4.2Nb/SiO2, (d) 4V/5.5Nb/SiO2, and (e) 4V/0Nb/SiO2 

To calculate the initial concentration of O2 reacting with the catalyst, we first used the O2-pulse 

area when total oxidation was achieved. Then, the number of moles consumed during each 

quenched oxidation step was calculated by subtracting each specific O2-pulse area from the total 

initial concentration as shown in Eq. 1. For each catalyst, the transient MS data obtained after each 

O2 pulse was calculated based on the difference between the areas of the peaks correspondent to 
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no O consumption (constant intensity peaks in Figure 17) and the one observed after each pulse. 

Initially, the oxygen measured via MS corresponds to unreacted oxygen. 

O2 consumption =  
VolumeOxygen fed

molar gas volume (STP) x mcat
(1 −

AO2pulse

AO2total

)                Eq. 1 

Where, 

O2 consumption: moles of oxygen consumed (mol gcat
-1) 

Voxygen fed = volume of oxygen fed in each pulse (STP) (L) 

Molar gas volume (STP): 22.4 L mol-1 

mcat: catalyst mass (gcat) 

AO2,pulse: MS peak area corresponding to unreacted oxygen after each pulse 

AO2total: MS peak area corresponding to unreacted oxygen, where the peak area remains constant 

 

 

Figure 17. MS oxygen consumption profile indicating total oxidation pulses with no significant 

change in peak area (no more oxygen consumption) 
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After quantifying the amount of oxygen consumed during the time-resolved oxidation process, 

we determined the overall rate of oxidation for the studied catalysts by calculating the slope of the 

linear decay (partially reacted O2) observed between the totally reacted and unreacted oxygen 

(Figure 18). It is important to highlight that where the O2-pulse was completely consumed and a 

total reaction of the oxygen pulse occurred, there was no observation of oxygen by the MS. 

However, if an O2-pulse did not react, or only partially reacted, the remaining oxygen reached the 

MS detector and was observed as a peak. 

A higher intensity signal in the MS represents a lesser extent of reaction of the oxygen pulse, 

as seen in the different MS signal intensities in Figure 16. The samples start to be partially oxidized 

at different times indicating that a greater amount of oxygen is needed to complete the oxidation 

process. The consumption of oxygen is greatest at the lowest coverage of niobia. From this point 

of maximum oxygen consumption, there is a trend that as Nb coverage is further increased, oxygen 

consumption decreases towards the level of vanadia at zero niobia coverage. 
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Figure 18. Consumption of O2 followed by MS. Reaction conditions: N2 (carrier) flow = 30 mL 

min-1, temperature = 500 °C, concentration = 50% O2/N2, and pulses of 100L. The legend shows 

the rate of oxidation obtained from the slope of the curves in the partially reacted oxygen region 

Considering that we did not observe H2-TPR reduction of supported niobia on silica 

(NbOy)n/SiO2 below 1000 K as reported elsewhere, 81 a change in the total amount of oxygen for 

the studied samples was initially not expected (we only expected the reduction of V). Therefore, 

we propose a synergistic effect to explain this shift towards increased reaction times needed to 

complete the oxidation of the materials (greater oxygen consumption), in which the presence of 

vanadia enables the reduction of niobia, which then competes to hinder the reduction of vanadia, 

as illustrated in Figure 19. 



40 
 

 

Figure 19. Scheme showing the proposed synergistic effect for the reduction of the supported 

ternary catalysts 

Such a synergistic effect is corroborated by the structural information obtained from the Raman 

spectra that can be observed in Figure 20, which shows a zoomed in view of the region between 

850 and 1200 cm-1 of spectra (h)-(l) of Figure 11. 

 

Figure 20. In-situ Raman spectra highlighting details that cannot be observed easily in Figure 11, 

spectra (h)-(l). 
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From Figure 20, it can be seen that there is a shift in the V=O vibration from 1034 to 1031       

cm-1, which might suggest the interaction of two-dimensional VOx and NbOx species (possible 

formation of O=V-O-Nb-O-support bonds). Interestingly, H2-TPR profiles reported in this study 

also indicate the possible chemical interaction (V-O-Nb) between V and Nb sites, although further 

studies are needed to confirm this hypothesis. Both the Raman shift and reducibility of VOx and 

NbOx can also be due to the proximity of neighboring V and Nb sites, without necessarily forming 

V-O-Nb bonds. We do not believe that the cause of this shift is influenced by the presence of Na+ 

because such a shift would only occur at low V coverage, with a more significant Na+ to V ratio, 

and would only be slight. 

Also, it can be observed in Figure 20 that only the V/SiO2 sample shows a narrow/sharp V=O 

Raman peak for the two-dimensional VOx at ~ 1032 cm-1. For the ternary systems, the signal 

broadens out toward lower Raman shift and cover other Raman vibrations, evidencing V and Nb 

interactions. The signal at 980 cm-1, especially at higher Nb coverage, is attributed to the two-

dimensional Nb=O 75, 76. Thus, it can be seen that while these added signals are too weak to provide 

Raman-spectrokinetic information on the reaction, they still provide insight in regard to the 

structure of the catalysts that can be coupled with the rate information derived from the V=O 

signal. 

This synergistic effect is more remarkable at low niobia coverage where niobia is present as 

highly isolated monomeric NbO4 species, which suggests that vanadia promotes the reduction of 

such niobia monomers at lower temperatures. As a result, more oxygen is needed to oxidize 

vanadia sites since most of the niobia monomeric sites are also oxidized. Moreover, as the amount 

of monomeric niobia increases, the synergistic effect is weakened, so oxygen consumption 

decreases, as supported by the trend in Figure 18. In addition, Figure 18 also provides the overall 
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oxidation rate of the studied samples, which increases with niobia coverage. Based on the H2-TPR 

experiments, it is seen that with decreasing Nb content, reduction of the sample becomes more 

difficult. Therefore, we expected a reciprocal trend for oxidation, in that oxidation would be easier 

(i.e. faster) as Nb content decreased. Thus, the observed oxidation trend seems to contradict the 

reduction trend obtained from the H2-TPR studies, but it does not. It is important to notice that the 

material used for the H2-TPR studies is at its maximum oxidation state (V5+ and Nb5+), whereas 

for studying the oxidation kinetics (via MS), the material started in its reduced phase, where a 

mixture of multiple oxidation states is possible (V4+/V3+ and eventually Nb4+/Nb3+). Our results 

show that synergistic effects become more remarkable for reduced (to be oxidized) rather than 

oxidized (to be reduced) samples. 

After compiling and analyzing the kinetic data obtained from MS, we pursued to apply our 

Raman-spectrokinetics approach, which means, to measure the rate of oxidation directly from the 

Raman spectra. In order to do so, we firstly “quenched” the reaction by using low-volume oxygen 

pulses. This approach provides sufficient time (about 3 minutes) to track the formation of the V=O 

sites vibrating at 1032 cm-1 from a representative Raman spectrum. Said V=O signal gradually 

increases with each O2-pulse up to the point at which vanadium is totally oxidized as observed in 

Figure 21 (when the intensity of V=O vibration remains constant). Our goal was to determine, and 

potentially detach, the contribution of specific surface sites (V=O) in the overall kinetic process of 

the studied catalysts.  
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Figure 21. Operando Raman spectra during the oxidation of supported metal oxides. Flow = 30 

mL min-1, temperature = 500 °C, concentration = 50% O2/N2 and pulses of 100L. The V=O 

Raman peak stays constant  1032 cm-1 during the whole experiment. The corresponding MS data 

can be found in Figure 16 

To do so, we first used the maximum intensity of the vanadyl Raman peak at  1032 cm-1 (which 

represents the completely oxidized vanadium oxide, primarily V+5) to normalize the Raman 

intensity for each quenched oxidation step (which represents the number of V=O sites present at 

each specific O2-pulse). Then, to calculate the number of O2-moles reacting with reduced 

vanadium to form V=O we used i) 1:1 vanadium-oxygen at stoichiometric ratio following the 



44 
 

reaction shown below (Reaction 1), ii) the vanadium oxide coverage (Vatoms nm-2), and iii) the 

catalyst’s surface area (m2 g-1).  

For each catalyst, vanadyl vibration intensity obtained after each O2-pulse was normalized 

respect to the vanadyl intensity at total oxidation. 

(𝑉 = 𝑂)𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
(𝑉=𝑂)𝑖−𝑝𝑢𝑙𝑠𝑒

(𝑉=𝑂)𝑖−𝑡𝑜𝑡𝑎𝑙
                                        Eq. 2 

(V=O)i-pulse= Raman intensity of the vanadyl peak after each pulse (partially oxidized sample) 

(V=O)i-total= Raman intensity of the vanadyl peak at total oxidation of the sample 

 

Secondly, the relative intensity was calculated by the stoichiometric oxygen loading in the 

vanadyl groups: 

(𝑉 = 𝑂)𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝑉 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑥 𝑚𝑐𝑎𝑡  

𝑀𝑊 𝑜𝑓 𝑉
𝑥

1 𝑚𝑜𝑙 𝑂

1 𝑚𝑜𝑙 𝑉
𝑥 

(𝑉=𝑂)𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑚𝑐𝑎𝑡
            Eq. 3 

Where, 

V=Oevolution: vanadyl group evolution (mol/gcat) 

Vloading: vanadium loading (gV/gcat) 

MW of V: vanadium molar weight (gV/mol) 

 

The oxidation of V4+ to V5+ are not considered for our calculations primarily because such a 

process does not consume oxygen from the gas phase to form V=O bonds. Instead, the vanadyl is 

formed by removing the proton from the V-O-H group forming water as a byproduct as described 

in the following equation: 

[𝑉(𝐼𝑉)𝑂4𝐻]
3−

+
1

2
𝑂2 → [𝑉(𝑉)𝑂4]

3−
+

1

2
𝐻2𝑂                                 Reaction 1 
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After obtaining the number of moles needed to form the V=O group, we followed its evolution 

as a function of time (Figure 22a). In order to obtain reaction rates from the Raman spectra 

(representative for the oxidation process), we used the same time-window where partial oxidation 

is observed via MS (see Figure 18). The complete Raman-spectrokinetic plot can be found in 

Figure 22b.  

 

Figure 22. (a) Evolution of vanadyl group monitored by Raman spectroscopy. Reaction conditions: 

N2 (carrier) flow = 30 mL min-1, temperature = 500 °C, concentration = 50% O2/N2, and pulses of 

100 L. The legend shows the rate of oxidation obtained from the slope of the curves. The 

complete Raman-spectrokinetic plots are in shown in (b) 

 

It is important to notice that the evolution of V=O vibration in Figure 22b shows different 

slopes, except for the binary (V/SiO2) system. Because the slope remains constant for the binary 

system, we believe this indicates that without the added presence of niobium, almost all of the 

vanadium species are reduced to the same oxidation state. However, when niobium is introduced, 

there is the possibility of vanadium being present at multiple oxidation states (e.g. (-O-)3V3+ and 

(-O-)3V4+OH) that react at different rates, corresponding to the changes in slope. However, we 

need further evidence to prove this. Therefore, this study focuses on matching the rates measured 

(a) (b) 
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by MS with the rates measured by Raman-spectrokinetics (using the same time-window) in order 

to validate the approach. Looking at the same time-window, a linear evolution in the formation of 

V=O as a function of time was found as shown in Figure 22a. Then, we obtained the rate of V=O 

formation, which represents the rate of oxidation, by calculating the slope of the linear trajectories. 

The oxidation of vanadia is promoted by adding niobia, but the effect increases significantly at 

higher coverage. A similar trend has been observed when V and Ti are dispersed at low coverage 

on SBA-15 for the oxidative dehydrogenation of propane. 82 This indicates that relevant synergistic 

effects are observed primarily at high MOx coverages. As our results show, when circa 50% of the 

monolayer coverage is reached, the oxidation rate remarkably increases indicating that vanadia is 

promoted by the presence of a high population of two-dimensional NbOx species at higher 

loadings. The reaction rates obtained by MS and Raman-spectrokinetics are compiled in Table 2. 

 

Table 2. Side by side comparison of the rates of V=O oxidation obtained by MS and Raman-

Spectrokinetics 

Catalyst 
Rate of O consumption 

(x10-8 molO gcat
-1 s-1) 

Rate of V=O evolution 

(x10-8 molO gcat
-1 s-1) 

4V/0Nb/SiO2 5.4±0.2 5.3±0.3 

4V/1.4Nb/SiO2 5.6±0.9 7.0±0.4 

4V/2.2Nb/SiO2 5.7±1.1 7.7±0.2 

4V/4.2Nb/SiO2 6.3±0.8 11.1±0.7 

4V/5.5Nb/SiO2 6.9±0.7 23.9±1.3 

 

To confirm the reproducibility of the reported Raman-spectrokinetic dataset, the 4V/0Nb/SiO2 

was duplicated as reported in Figure 23, where a clear evidence of the reproducibility of the 

Raman-spectrokinetic curves was obtained.  
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Figure 23. Evaluation of the Raman-spectrokinetic reproducibility for the 4/V/0Nb/SiO2 catalyst 

For the binary (4V/0Nb/SiO2) system, we obtained similar oxidation rates from the MS (Section 

III.4.2., Figure 18) and from our Raman-spectrokinetic approach (Figure 22a). This result validates 

our approach since there is no influence of niobium, so we expect that if only vanadium is being 

oxidized to V=O then the rates calculated by Raman and MS should be essentially the same, 

especially if most of the vanadium species were all at the same initial oxidation state. However, it 

is important to notice the differences observed in comparing the MS and Raman-spectrokinetic 

data when niobium is added to the system. We attributed such differences to two possible reasons. 

First, we suggest that the different rates are because Raman-spectrokinetics allowed us to measure 

only the rate of V5+=O formation, while MS is sensitive to the oxidation of all the reduced V and 

Nb cations (V3+, V4+, Nb3+, Nb4+). Therefore, both rates do not need to necessarily match for 

ternary/multicomponent systems. Secondly, we also consider the potential existence of 

temperature gradients across the catalyst bed influencing the magnitude of the difference between 

Raman and MS rates, especially at high V+Nb coverage where the rate of oxidation is higher and 

therefore the production of heat is also higher. It has been reported that small temperature gradients 



48 
 

impact the rate values measured by spectroscopic techniques.13 Therefore, we also propose that 

the disparity in the oxidation rates measured via MS and Raman-spectrokinetics may be 

influenced, at least up to a certain extent, by the existence of a temperature gradient between the 

thermocouple position and the top layer of the catalyst bed where the Raman spectra are collected 

(Figure 10). 

In order to more accurately determine reaction rates using Raman spectroscopy, it is important 

to determine the differences in Raman peak intensity due to changes in sample color. An elegant 

approach using UV-vis near infrared has been described by Tinnemans et. al., 83 which avoids the 

utilization of internal standards. For our purposes, we used boron nitrate as an internal standard 

following the Raman peak at  1350 cm-1. Results can be found in Figure 24Figure 24. After 

reduction, the sample turns grey/black, changing then to yellow/orange as a function of oxidation 

(Figure 25). Therefore, we applied the spectrokinetic approach to the highly oxidized sample 

where the color changes are insignificant. The negligible change in color evidenced also by the 

small change in the BN Raman peak as a function of O2 pulse reinforces the reported oxidation 

rates obtained by applying our spectrokinetic approach. 

 

Figure 24. (a) Non-corrected and (b) corrected Operando Raman spectra as a function of O2 pulses 

for 4V/5.5Nb/SiO2 sample. V=O (1032 cm-1) and the boron nitride (1352 cm-1) signals change 

negligibly as a function of oxidation 

(a) (b) 
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Figure 25. Sequence of pictures obtained with optical microscopy using a 50X magnification 

objective as a function of oxygen pulses. Pulses 12-15 highlighted in red represent the sample 

condition at the moment the Raman-spectrokinet data in Figure 22 were taken 

In summary, our study shows that the extent of synergistic effects is greater on reduced metal 

oxides. This is because we could not reduce all V5+ and Nb5+ sites to V3+ and Nb3+ under our 

reaction conditions and therefore, several metal cations (V5+, V4+, V3+, Nb5+, Nb4+, Nb+3) at 

different amounts and oxidation states were present on the catalyst’s surface, whereas totally 

oxidized materials primarily contain V5+ and Nb5+. The formation of these Mn+ species depends 

on both the reaction conditions (e.g. temperature, residence time) and the reducing agent (e.g. 

hydrogen, hydrocarbon). 

From the Raman-spectrokinetics part, we want to share with the catalysis community the 

advantages and drawbacks of using the proposed approach from our point of view. 

Advantages of Raman-spectrokinetics: 

- It enables the determination of the chemical nature of metal oxide catalysts under different 

atmospheres without temperature and pressure limitations. 
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- It facilitates the measurement of the (redox) kinetic parameters of specific sites in solid 

catalysts, especially in metal oxides, to potentially distinguish specific rates from the overall 

reaction rate. 

- It enables one to time-resolve the reaction in question. Relatively fast reactions are actually 

desirable. 

- It allows one to distinguish and measure the redox properties of two-dimensional and three-

dimensional metal oxide species in supported metal oxides. 

- It permits the performance of quantitative TPR and TPO studies on specific surface sites as an 

alternative to conventional TPR and/or TPO bulk studies. 

 

Challenges of Raman-spectrokinetics: 

- The catalyst must contain at least one Raman active component. 

- The reagents must react somewhat quickly with the catalysts in order to obtain kinetic data in 

a reasonable amount of time. 

- The accuracy of the measured reaction rate, as in conventional kinetics, strongly depends on 

heat and mass transfer. Therefore, we need to carefully address such issues. 

- Weak Raman signals are not optimal for obtaining a smooth trend in the evolution of Raman 

peaks. 

- It possesses limited flexibility in reactor design in order to accomplish optic spectrometer 

requirements. 

- The accuracy and reproducibility can be affected by the loss of focus during the experiment, 

although this can be negated with features such as LiveTrack. A homogeneous sample is also 

desired so that the spot studied is representative of the whole. 
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We suggest that the presented Raman-spectrokinetic approach could blossom as a powerful 

methodology to determine synergistic effects in metal oxides containing promoters, especially 

considering that metal oxides are ubiquitous in heterogeneous catalysis, serving as catalysts, 

catalyst supports, and promoters. We will further optimize our Raman-spectrokinetics setup to 

improve accuracy, especially in measuring the temperature by placing a thermocouple at the top 

layer of the catalyst bed. We endeavor to contribute unique insights to answer fundamental 

questions on topics such as the selective oxidation of light hydrocarbons with supported metal 

oxides. In addition to the potential already demonstrated by our proposed Raman-spectrokinetics, 

we also understand that as a new technique/approach, there is plenty of room for improvement. 

III.5.  Conclusions 

 

The catalytic activity of supported binary (M2Oy)n/(M1Ox)bulk and ternary (M3Oz)m-

(M2Oy)n/(M1Ox)bulk metal oxide catalysts essentially depends on the presence of two- and three-

dimensional M2Oy and M3Oz species, the M3:M2 ratio (coverage of each component), and their 

spatial relation. We found that the extent of synergistic effects strongly depends on these same 

factors.  Due to the well-known activity of vanadium oxide for selective oxidation catalysis, and 

due to the intense Raman signal assigned to the V=O vibration, we prepared well defined 

V/Nb/SiO2 catalysts and studied the influence of niobia (promoter) in the redox properties of 

vanadium oxide (main active site). Combining operando Raman-MS spectroscopy and (steady-

state and/or transient) kinetics, and using the Raman-spectrokinetic approach, we measured site-

specific (V=O) and overall (catalyst) reaction rates. 

The presented approach can be seen as a powerful tool to identify the role of promoters and 

synergistic effects in heterogeneous catalysts. The main caveat is that of the species studied, at 
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least one must be Raman active, such as metal oxides. This approach could be used to obtain 

detailed kinetic data on the redox properties of binary, ternary, and/or multi-component supported 

(and eventually bulk) metal oxides catalysts.   

Our future endeavors will focus on demonstrating the advantages that Raman-spectrokinetics 

(especially complemented by FTIR-spectrokinetics) can offer for the understanding and 

development of more rationally designed metal oxide catalysts. Currently, we are studying other 

systems with multiple Raman active species as well as systems with multiple Raman vibrations 

within a single species (M=O, M-O-M, M-O-Support). Furthermore, we are also exploring other 

reactants (other than H2 and O2), specifically probe molecules with high polarizability (such as 

alcohols) that are possible to track via Raman spectroscopy when absorbed on the catalyst surface. 

The knowledge gained from this work could lay the foundation for incorporating Raman-

spectrokinetics as a critical component of the “to-do list” for establishing structure-reactivity 

relations in heterogeneous catalysts. 

  



53 
 

IV. Chapter 4- Structure-reactivity relationships for multicomponent supported metal oxide 

catalysts at sub-monolayer coverage 

IV.1. Abstract 

Gaining insights into the speciation of surface species on supported catalysts and its relationship 

with reactivity presents a challenge in heterogeneous catalysis. For metal oxide catalysts, the 

structure of the active sites on the support material has a remarkable influence on the activity and 

selectivity of the catalyst. To overcome the limitations of traditionally vibrational characterization 

techniques, more sophisticated approaches as near ambient pressure XPS (NAP-XPS) are used to 

elucidate the structural environment around the surface vanadia catalytic active sites. In this study, 

we show that by combining Raman-spectrokinetics with FTIR and NAP-XPS, molecular-level 

information on the surface structure of ternary metal oxide supported catalysts. Consistent 

structural information on the surface distribution of a niobia-vanadia supported on silica catalysts 

is reported. Among the (VOx)m-(NbOy)n/SiO2 catalyst series, the 4V/4.2Nb/SiO2 showed the 

highest reducibility among the whole series, demonstrating an enhanced synergistic effect as a 

result of the close interaction between the (VO4)n and (NbO4)m surface groups during the formation 

of a joint monolayer. 

IV.2. Introduction 

Understanding the speciation of surface species on supported catalysts and its relationship with 

reactivity presents a challenge in heterogeneous catalysis. In the specific case of metal oxide 

catalysts, the structure of the active sites on the support material has a remarkable influence on the 

activity and selectivity of the catalyst.84 For molecularly dispersed vanadium supported on silica 

catalysts, it has been reported that overcoming the monolayer limit results in a decrease of the 
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selectivity to propene as a result of the hydrocarbon overoxidation on vanadia particles. Having 

the supported vanadia phase molecularly dispersed under the monolayer regime results in the 

highest selectivity to propene.2, 30 The use of promoter on vanadium supported on silica catalysts 

has been explored, establishing that the addition of a second transition metal oxide on the catalyst 

support to promote synergistic effects increasing the selectivity towards partial oxidation products. 

82, 85-87 In the case where an additional metal oxide is used as a promoter, reaching an understanding 

on the synergistic effects present is highly dependent on how those metal oxide phases are 

structured/interacting together.87  

Surface vanadia nature on different supports, and particularly on silica has received much 

attention to facilitate an improved understanding of the relationship between the molecular 

structures of the catalytic active sites activity and selectivity.88-90 Different spectroscopic 

techniques as Raman,33, 91-93 FTIR34, 92, 94, and UV-Vis23, 63, 80, 95 have been traditionally used in 

their different modes (ambient, in-situ, and operando) to get insights into the structure details of 

supported vanadia on silica catalysts. Even though, difficulties exist in providing a quantitative 

illustration of the distribution of the surface vanadia sites in the case of promoted oxide supports 

resulting even more challenging due to signal overlap. It turns clear that elucidating structural 

details on supported metal oxide catalysts could result to be a critical aspect of the rational design 

of metal oxide catalysts. In order to overcome the limitations of traditional vibrational 

characterization techniques, more sophisticated approaches as NAP-XPS41, 96 are used to elucidate 

the structural environment around the surface vanadia catalytic active sites. The surface-sensitive 

information NAP-XPS provides in operando conditions, together with reactivity tests, can help to 

complement the part of the picture needed for understanding structure-function relationships in 

metal oxide catalysts. 
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Niobia stands as a promising promoter for vanadia supported catalysts. The use vanadia 

supported on niobia has resulted in higher TOF values for the oxidation of ethane85, propane51, 

propylene92, methanol97 in comparison with traditional supports. Recently, it has been explored 

the presence of synergistic effects in 2D V/Nb/SiO2 catalysts using a combination of oxidation 

transient kinetics and operando Raman Spectroscopy, an approach also known as Raman-

spectrokinetics.87 This study aims to provide further insights into the surface structure of the 

ternary V/Nb/SiO2 catalyst, providing unique insights that can be correlated with reactivity data 

on the oxidative dehydrogenation of isobutene. By combining spectroscopic (in-situ Raman, in-

situ FTIR, and AP-XPS) with reactivity data (H2-TPR and isobutene ODH conversion), consistent 

structural information on the surface distribution of niobia and vanadia on the silica support is 

reported, representing one step closer on the understanding of ternary supported metal oxide 

catalysts. 

IV.3. Experimental 

IV.3.1. Material Synthesis 

A slightly modified procedure described elsewhere72 has been followed to produce sodium 

promoted SiO2 (Aerosil200 from Evonik; 200 m2 g−1), to improve the reactivity of silanol groups 

enhancing the monolayer coverage of metal oxides on SiO2 from 2.3 to 9 Matoms nm-2. It has been 

reported that Na+ at the low values found in promoted silica does not influence in a remarkable 

way the reactivity of vanadia 72. By using anhydrous incipient wetness impregnation (IWI), sodium 

ethoxide (95%, Sigma-Aldrich) was diluted in dry ethanol (Sigma-Aldrich, 99.5 %) in a volume 

corresponding to the pore volume of the Aerosil200 (1.4 mL g−1). Then, the solution was 

impregnated on SiO2 and calcined under air, ramping at 2 °C min-1 to 700 °C, holding that 
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temperature for 4 h. The Na+-SiO2 material contained 0.33 wt. % Na+ and showed a surface area 

of 184 ± 7 m2 g−1. 

 Vanadium and niobium oxide catalysts were also prepared by using the anhydrous incipient 

wetness impregnation (IWI) methodology as described elsewhere 30, 72. Briefly, both vanadia and 

niobia were supported on Na+-SiO2 by IWI of vanadium oxytriisopropoxide (VTI; Sigma-Aldrich) 

diluted in dry isopropanol (Sigma-Aldrich, 99.5%) and niobium ethoxide (Sigma-Aldrich, 

99.98%) diluted in dry ethanol (Sigma-Aldrich, 99.5%). The concentration of vanadium and 

niobium was adjusted to obtain the wanted oxide loadings. Samples were vacuum-dried after 

impregnation of the niobium solution and then calcined in a muffle furnace as indicated: (i) dried 

under nitrogen at 120 °C for 3 h, (ii) heating up to 550 °C at 1 °C min-1 in dry air, and (iii) calcined 

at 550 °C for 3 h. This procedure was repeated to prepare the supported ternary (VOx)m-

(NbOy)n/SiO2 catalysts. As expected, the wetness point for SiO2 does not change after adding Nb 

primarily due to the low coverage and two-dimensional dispersion of niobia. 

IV.3.2. Characterization 

Induced coupled plasma optical emission spectroscopy (ICP-OES) was used to determine 

metal loadings for the different prepared catalysts. Surface area measurements were performed by 

nitrogen adsorption using a Quantachrome Nova1400 equipment (BET and t-plot analysis). 

Temperature programmed reduction (H2-TPR) analysis was performed to follow the catalyst 

reducibility by using a Quantachrome Autosorb iQ and ASiQwin equipment. About 100 mg of 

sample was introduced in a quartz tube (U-type), reducing the sample from ambient temperature 

to 800 °C at a rate of 5 °C min-1 using a 5% hydrogen (nitrogen balance) at a flow rate of 20 ml 

min-1. A thermal conductivity detector (TCD) was used to follow the hydrogen consumption 
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during the analysis. The XRD analysis of the powder catalysts was performed using a Proto-AXRD 

theta-theta diffractometer with an X-ray Kα line from the Cu target with 40 kV at 30 mA using 2 

s/step. Around 20 mg of the sample was loaded in the sample holder and pressed using a glass 

slide. 

A commercial SPECS NAP-XPS chamber equipped with a PHOIBOS 150 EP MCD-9 

analyzer at the Chemistry Division of Brookhaven National Laboratory (BNL) was used for near 

ambient-pressure XPS (NAP-XPS) analysis. The adventitious carbon photoemission line (284.8 

eV) was used for energy calibration. The powder sample (V-Nb catalysts) was physically pressed 

onto an aluminum plate and then loaded into the NAP-XPS chamber. For the reduction reaction 

of the sample, 20 mTorr of H2 was introduced into the reaction chamber through a high precision 

leak valve. O 1s,  V 2p, and Nb 3d XPS regions were scanned and collected under the H2 gas 

environment at different temperatures (300, 500, 700 K). 

Raman spectra were obtain using a Renishaw InVia Qontor Raman Spectrometer equipped 

with three solid-state lasers (785, 532, and 405 nm), four microscope objectives (5, 20, 50, and 

100x), and an MS 20 Encoded Stage. All measurements were performed using a 405 nm laser,                   

2400 L mm-1 grating, and using a spectral range of 200–1500 cm-1. A 50x long distance objective 

was selected, using 20 seconds of exposure time, 50% of power, and 3 accumulations. In-

situ/Operando Raman studies were performed by coupling a Linkam CCR-1000 cell to the Raman 

microscope. Samples were dehydrated by heating up at 10 °C min-1 and holding at 550 °C under 

air for 1 h before Raman spectra acquisition to bring the catalysts to a constant initial oxidized 

state. For the curve fitting routine of the Raman spectra, the data analysis software OriginPro 2020 

was used using the custom peak fitting feature. 
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Silanol site distribution on the surface of the different catalysts was determined by Fourier 

Transform Infrared Spectroscopy (FTIR) on dehydrated materials using a Nicolet iS 10 FTIR 

spectrometer with an MCT/A detector. Each dehydrated sample was loaded into a vacuum 

transmission cell as self‐supported wafer (diameter 1.25 cm) using the lowest amount possible of 

powder for the pellet preparation (2-30 mg). The wafer is then transferred into a high vacuum 

transmission cell and pretreated at 450 °C for 1 h. After the pretreatment process, all the spectra 

were collected at 150 °C. 

IV.3.3. Catalytic activity for isobutane ODH 

Catalytic measurements were performed using a custom-made U-shape reactor. Reactions were 

carried out at 420 °C and ambient pressure with inlet flow ratios of 10% O2 and 20% i-C4H10 

(balance N2). The total inlet flow rate was varied between 10 and 60 sccm to vary the contact time 

and therefore monitor product selectivity as a function of conversion at a fixed temperature (420 

°C). Samples were pressed into a pellet using a hydraulic press at 6 tons for 10 s, followed by 10 

s at 8 Tons. The resulting pellet was then crushed and sieved to a particle size between 425–600 

mm. The reactor bed contained 34 mg of pelletized catalyst supported by quartz wool. These 

particles were packed inside a quartz reactor tube (10 mm ID). The quartz reactor was loaded into 

a sand bed furnace, using a K-type thermocouple inside the catalyst bed to control the reactor 

temperature. The gas feed composition and flow rate were controlled by using three mass flow 

controllers (MKS). Exhaust streams were analyzed using an Agilent 7890B GC equipped with 

three Agilent columns (HayeSep A, MolSieve, and HP-AL/S), a flame ionization detector (FID) 

and a thermal conductivity detector (TCD) in order to quantify permanent gases and hydrocarbons. 
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IV.4. Results and discussion 

Metal loading and surface area for the different catalysts are shown in Table 3. For all materials, 

the corresponding metal surface coverage was below the theoretical monolayer coverage, which 

is  10 Matoms nm-2.2 The monotonic decrease in the surface area as a function of metal loading is 

an indirect observation characteristic when primarily two-dimensional MOx (M = V and Nb) 

moieties are dispersed on the catalyst surface.87 The reported surface density values for vanadium 

and niobium in the ternary catalysts were calculated, assuming both metal oxides were totally 

dispersed over the SiO2 surface. 

Table 3. Metal loading, surface area, and metal surface coverage for the prepared supported metal 

oxide catalysts 

 Metal loading Surface area Surface Density 

Sample(a) (wt. % V) (wt. % Nb) BET (m2 g-1) (V nm-2)(b) (Nb nm-2) 

4V/0Nb/SiO2 3.5 - 159 2.60 - 

1.4Nb/SiO2 - 1.4 188 - 0.48 

2.2Nb/SiO2 - 2.2 171 - 0.84 

4.2Nb/SiO2 - 4.2 155 - 1.76 

5.5Nb/SiO2 - 5.5 141 - 2.53 

4V/1.4Nb/SiO2 3.6 1.4 146 2.27 - 

4V/2.2Nb/SiO2 3.6 2.2 133 2.49 - 

4V/4.2Nb/SiO2 3.5 4.2 121 2.67 - 

4V/5.5Nb/SiO2 3.5 5.5 110 2.93 - 

(c) SiO2 contains Na 0.33 wt. % (0.47 Na nm-2) 

(d) Calculated using Nb/SiO2 BET surface area 

To confirm the absence of vanadia and niobia nanoparticles on the prepared (VOx)m-

(NbOy)n/SiO2 catalyst series, XRD analysis was performed for all the samples. A relatively large 

time per step (2 s/step) was used during the analysis to enhance small features that can suggest the 

presence of metal oxide nanoparticles. By observing the different XRD patterns shown in Figure 

26, only a broad peak at 22° 2 was present in all the samples, characteristic of the amorphous 
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SiO2 used a catalyst support98. The absence of characteristic peaks for Nb2O5 (23, 29, 36° 2)99 

and V2O5 (20, 26, and 31° 2)100 confirmed the absence of metal oxide nanoparticles (larger than 

4nm) on the silica surface. 

 

Figure 26. XRD patterns obtained for the evaluated (VOx)m-(NbOy)n/SiO2 catalyst series. The peak 

marked with (*) indicates the characteristic peak at 22° 2 from the silica support 

It is essential to ensure the presence of primarily two-dimensional (VOx)m and (NbOy)n species 

prior to trying to elucidate how they coexist on the SiO2, and Raman spectroscopy is the technique 

by choice to characterize two-dimensional supported metal oxides. 8, 101 An in-situ Raman study 

was performed to get additional information on the structure/surface features of the ternary V-Nb 

catalysts. In Figure 27, is shown the Raman region between 850 and 1200 cm-1, where the 2D 

characteristic vibrations for V and Nb exist. The characteristic vibration for 2D V=O at about 1032 

cm-1 was observed in all vanadium (binary and ternary) samples. The presences of the 1032 cm-1 

band together with the absence of the 995 cm-1 vibration characteristic of 3D vanadium particles 
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confirmed the purely two-dimensional presence of vanadium, in agreement with the XRD results 

shown in Figure 26. Even though the 982 cm-1 vibration characteristic of Nb=O was not observed, 

it was evident the evolution of a broad shoulder around that region in all the Raman spectra for the 

V-Nb catalysts. This feature was absent in the binary V/0Nb/SiO2 shown as reference in Figure 27 

as it was expected.  

 
Figure 27. Raman region where the V=O and Nb=O are expected for the (VOx)m-(NbOy)n/SiO2 

catalyst series. 4V/0Nb/SiO2 and 7V/Nb2O5 are included as reference data 

 

In order to find direct spectroscopic evidence of the presence of purely two-dimensional 

dispersed niobia on the silica support, and additional vibrations related to vanadia and niobia 

structure features, a curve fitting process for the in-situ Raman spectra shown in Figure 27 was 

executed. All the signals were normalized using the main 2D vanadyl vibration, as it results to be 

the most intense, and represents the constant vanadium loading used in all the evaluated catalysts. 

Figure 28 shows the deconvoluted peaks obtained after the fitting of the broad vibration around 

1032 cm-1. For comparison, the spectra were normalized to using the 2D vanadyl peak at 1034   

cm-1 and fitted within 925 and 1150 cm-1 using Gaussian functions centered at the values indicated 
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in Table 4. In this table, all the possible vibrations that are reported in the literature for 2D vanadia 

and niobia are indicated for the specified studied region in the Raman spectra. Only the 995 cm-1 

vibration corresponding to V=O in vanadia particles was omitted in Table 4, and as a result in the 

curve fitting process. The absence of the former vibration in the Raman spectra for the studied 

catalyst series, together with the XRD data not showing diffraction peaks for vanadia particles, 

supported the decision of excluding the 995 cm-1 vibrations from the curve fitting process. All the 

evaluated catalysts showed a narrow standard deviation. The former observation, together with the 

good correlation between the experimental (black line) and fitted data (red line), demonstrates the 

validity of the curve fitting process. It was observed that the inclusion of the 995 cm-1 3D V=O 

vibration could improve the fit between the experimental and calculated data in some of the Raman 

spectra, but it would represent more a mathematical fitting artifact than the representation of a real 

vibration present in the studied catalysts. 

The 2D (VOx)m-(NbOy)n/SiO2 catalysts are characterized by five deconvoluted peaks 

according to data found in the literature for their correspondent binary systems (VO4/SiO2 and 

NbO4/SiO2). 76, 102 Two vibrations at around 1017, and 1034 cm-1, are attributed to V=O (vanadyl) 

stretch vibrations, as detailed in Table 4. Two additional vibrations found at the right shoulder at 

1059 and 1076 cm-1 are readily assigned to out-of-phase and in-phase Si-O-V interface modes. 

The band at 985 cm-1 is attributed to the purely two-dimensional Nb=O stretch vibration. 

Table 4. Raman shift position, standard deviation (STD) and assignment for the deconvoluted 

peaks obtained during the fitting process of the (VOx)m-(NbOy)n/SiO2 catalysts series 

Raman shift (cm-1) STD (cm-1) Assignment 

987 ±3 Nb=O (2D)76 

1017 ±4 (SiO)2(OH) V=O (2D)102 

1034 ±1 (SiO)3V=O (2D)102 

1059 ±3 Si-O-V102 

1076 ±5 Si-O-V102 
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Figure 28. Dehydrated in-situ Raman spectra for the (VOx)m-(NbOy)n/SiO2 catalyst series. Peak 

deconvolution was performed for the region between 925 and 1150 cm-1 to decompose the signal 

in its individual contributions. The main contributions are due to the strong vibration characteristic 

of V5+=O 
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The different deconvoluted vibrations obtained as a result of the curve fitting process were 

integrated in order to evaluate how each individual vibration variates as a function of niobia 

loading. One of the deconvoluted vibrations that can give more information about how niobia and 

vanadia are distributed on the catalyst surface is the 2D Nb=O observed at 982 cm-1. By calculating 

the ratio between 2D Nb=O and 2D V=O, we can determine how Nb=O sites population changes 

as a function of Nb loading, knowing that the 2D V=O sites remain constant on the different 

catalysts. An increase in Nb=O/V=O ratio with Nb loading would indicate that molecularly 

dispersed niobia species on the catalyst surface are mainly present together with 2D VO4 species. 

On the other hand, a decrease in Nb=O/V=O ratio would indicate that the Nb=O sites are being 

titrated by the VO4 groups, producing a vanadia molecular overlayer over the niobia sites. A 

second feature that can contribute to confirm the way vanadia and niobia are distributed on the 

catalyst surface is the Si-O-V vibration, as it results to be an indication of VO4 sites moving from 

the catalyst surface to the top of niobia sites. In Figure 29, it can be observed how the previously 

mentioned features change as a function of niobia loading. 
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Figure 29. Comparison between curve fitting parameters (Nb=O/V=O and Si-O-V) as a function 

of niobium loading derived from the in-situ Raman curve fitting process 

The red curve corresponding to the Si-O-V vibration shows that the addition of niobia produces 

a significant decrease in its intensity, indicating that niobia is competing with vanadia for the 

silanol sites available on the silica surface. After increasing niobia loading to about 0.5 Nb nm-2, a 

slight decrease in this vibration is observed, together with a slight decrease in the Nb=O/V=O ratio, 

indicating that vanadium is moving from the silica surface to the top of vanadia sites. The 

following niobia loading at about 1.8 Nb nm-2 (4V/4.2Nb/SiO2), shows an increase in the Si-O-V 

vibration together with an increase in the Nb=O/V=O ratio. This may suggest that vanadia is 

moving again to the silica surface, leaving available the Nb=O sites. The former observation is in 

agreement with the joint monolayer concept previously reported for V-Ti/SBA-15 catalysts were 

synergistic effects were maximized as a result of the close interaction between vanadia and 
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titania.82 A schematic illustration summarizing the previously discussed findings can be found in 

Figure 30. 

 

Figure 30. Molecular representation showing structural features derived from in-situ Raman 

spectra analysis and curve fitting process 

An important part of the evidence supporting the proposed vanadia and niobia distribution 

illustrated in Figure 30 is based on the changes in the Si-O-V vibration. Having additional insights 

into the distribution of silanol sites present on the catalysts and their changes as a function of niobia 
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loading could help to give a more solid foundation to the previously discussed findings. An FTIR 

study of the V-Nb catalysts (Figure 31) was performed in order to have a better understanding of 

the silanol sites distribution on the different evaluated catalysts. Figure 31a and b show the FTIR 

obtained spectra and the integrated area for the isolated silanols and H-bonding region 

respectively.103  

 

Figure 31. (a) FTIR data obtained for the (VOx)m-(NbOy)n/SiO2 catalyst series, highlighting in 

brown and blue the integrated regions for calculating the isolated silanols and H-bonding areas 

respectively. (b) Integrated areas obtained for isolated silanols and H-bonding region as a function 

of niobia loading 

Figure 31a shows the FTIR spectra obtained for the dehydrated (VOx)m-(NbOy)n/SiO2 series. 

It can be observed that the binary V/SiO2 catalysts show a more significant amount of isolated 

silanols as expected. A broad H-bonding region can also be visualized as a result of the interaction 

of the silanols present with the VO4 sites dispersed on the catalyst surface. In Figure 31b, it can be 

observed that as soon as niobia is introduced together with niobia, a significant decrease in the 

area corresponding to the isolated silanols and H-bonding is observed, suggesting that its 

populations decrease with niobia loading as expected. Furthermore, the lowest area among all the 

series for both, isolated silanols and H-bonding correspond to the sample with a niobia loading of 
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about 1.8 Nb nm-2 (4V/4.2Nb/SiO2), which could be a result of the formation of the joint 

monolayer decreasing in a lager extent the population of silanol sites on the silica surface. 

Following to the FTIR characterization, an H2-TPR analysis of the (VOx)m-(NbOy)n/SiO2 

catalyst series was performed in order to gain insights into the reducibility of the evaluated ternary 

metal oxide catalytic materials. In Figure 32, the H2-TPR curves obtained for the different 

evaluated catalysts are shown, as well as the onset and maximum temperatures as a function of Nb 

loading. 

 

Figure 32. (a) H2-TPR profiles for V/Nb/SiO2 catalysts, and (b) onset and maximum temperatures 

obtained from the H2-TPR curves 

As observed in Figure 32a, vanadium reducibility decreases as a function of niobia loading 

among the ternary metal oxide catalytic series. It has been previously reported that the presence of 

niobia hinders the reducibility of vanadia when they are supported on silica.87 A more in-depth 

observation on the onset and maximum temperatures for the H2-TPR curves (Figure 32b) reflects 

an abrupt change in both previously mentioned features as soon as niobia is present, demonstrating 

that its presence has a significant effect in the reducibility of supported vanadium oxide. 

Besides the previous observation, another interesting feature observed in Figure 32a is that 

among the ternary V-Nb samples, one of the samples having an intermediate loading 

a) b) 
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(4V/4.2Nb/SiO2) results to be out of trend on the reducibility trend. This observation related to the 

reducibility results to be more evident in Figure 32b, where the previously mentioned catalyst 

results to show the lowest temperature for the maximum of reduction as well as the maximum 

onset temperatures. Likewise, a previous Raman-spectrokinetics study87 on a V-Nb ternary metal 

oxide catalyst series has found that one of the samples at intermediate loadings results in having 

the lowest oxygen consumption during the oxidation process of partially reduced samples.  

Similar particular features observed on ternary metal oxide catalysts have been reported as a 

function of the promoter loading, showing that at some specific loadings, a joint monolayer is 

formed where synergistic effects tend to be maximized.82 In order to prove that the evaluated 

catalysts are showing some particular structural/surface-distribution features as the one reported 

in previous studies at specific loadings as in previously reported studies, a more comprehensive 

characterization of the V-Nb series was performed to get more in deep insights into the vanadia, 

and niobia structure/distribution on the catalysts support. 

To complement the information gained on the redox properties of the V-Nb and NAP-XPS 

study was performed. Figure 33 shows the near ambient pressure XPS (NAP-XPS) analysis of the 

V/Nb/SiO2 catalyst series before and after undergoing a reduction process. The characterization of 

the totally oxidized materials (4V/0Nb/SiO2, 4V/1.4Nb/SiO2, and 4V/5.5Nb/SiO2) showed a band 

at 517eV in the O1s+V2p region corresponding to V5+. The characteristic peak for Nb5+ at 207 eV 

was observed in the Nb 3d region, without being observed for the 4V/0Nb/SiO2 as expected, 

demonstrating that during the oxidation process, all the samples were taken to complete oxidation. 

During the reduction process of the ternary metal oxide materials (for practical purposes only the 

lowest and highest loadings were selected), vanadium was reduced from V5+ to V3+ without 

observing the presence of intermediate oxidation states. In the case of niobium, no reduction 
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process was observed for Nb5+ under the evaluated condition. These results suggest that under the 

experimental conditions used for the NAP-reduction studies, vanadium redox process goes from 

V5+ to V3+ with no presence of additional oxidation states. In the case of niobium, it does not show 

a reduced stated during the reduction process, even though this process occurs for this particular 

ternary system as reported elsewhere. One of the reasons that may be responsible for not observing 

the niobia reduction process during the NAP-XPS experiments is the low hydrogen pressure at 

which this experiment is performed. It has been reported that niobium supported on silica catalysts 

can be reduced over 1000 °C.87 It may be possible that the reduction of niobia as a result of the 

synergistic effect observed when it is present together with vanadium cannot be observed at the 

low hydrogen pressures used in the NAP-XPS experimental conditions (20 mTorr vs 760 Torr 

used in Raman-spectrokinetic studies).87 
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Figure 33. NAP-XPS spectra obtained for the 4V/1.4Nb/SiO2 and 4V/5.5Nb/SiO2 catalysts 
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As a way to prove the presence of an enhanced synergistic effect produced by direct bonding 

interaction between (VO4)n and (NbO4)m surface entities in our V/Nb/SiO2 catalyst series, their 

catalytic activity was evaluated in the oxidative dehydrogenation of isobutane (i-C4 ODH). Figure 

34 shows the reaction rates obtained for the studied catalyst series as a function of Nb loading. It 

can be observed that at the lowest loading, the presence of niobia decreases the catalyst activity in 

comparison with the binary V/0Nb/SiO2 catalyst (reference catalyst). Interestingly, as soon as the 

niobia loading is increased to higher values (0.8-2.6 Nbatoms nm-2) close to the loadings where the 

formation of a joint monolayer is proposed, the rate of isobutene production is increased. It can be 

observed that at higher niobia loadings, an important synergistic effect is produced on ternary V-

Nb/SiO2 catalyst.  

 

Figure 34. Reactivity test performed for the (VOx)m-(NbOy)n/SiO2 catalyst series for isobutane 
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IV.5. Conclusions 

In this study, we combined in-situ Raman and FTIR to systematically investigate structural 

features of (VOx)m-(NbOy)n/SiO2 catalyst and their relationship with their redox reactivity and 

isobutene ODH. An in-depth analysis of Raman features and a detailed curve fitting process 

allowed revealing structural characteristics previously hidden in the Raman spectra. The 

performed deconvolution process of the Raman spectra for the (VOx)m-(NbOy)n/SiO2 catalyst 

series was fundamental to elucidate characteristic Nb=O and Si-O-V vibrations. We could 

demonstrate that after a proper analysis of the in-situ Raman spectra and knowing the characteristic 

vibrations of the present metal oxide phases, a curve fitting post data processing results in a 

powerful tool to decouple overlapped Raman vibrations. By combing the insights obtained by 

Raman with in-situ FTIR, a schematic representation of the surface structure was provided, where 

the formation of a joint monolayer at one of the intermediated loadings (4V/4.2Nb/SiO2) is 

suggested. 

Coupling in-situ Raman and FTIR with H2-TPR, NAP-XPS allowed gaining insights into the 

reducibility of the (VOx)m-(NbOy)n/SiO2 catalyst series. The 4V/4.2Nb/SiO2 showed the highest 

reducibility among the whole series, demonstrating an enhanced synergistic effect as a result of 

the close interaction between the (VO4)n and (NbO4)m surface groups during the formation of a 

joint monolayer. The proposed surface structure also matches with the reactivity trend observed 

for isobutene ODH. In this case, a continuous increase in reaction rate as a function of vanadia 

coverage was observed. 
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V. Chapter 5. Kinetics and support effect on the oxidation of vanadia active sites: a 

Raman-Spectrokinetics study 

V.1. Abstract 

Supported vanadium oxide catalysts are one of the most promising catalysts for the production 

of olefins ref and/or oxygenates. When vanadium oxide species are dispersed on the surface of 

another metal oxide, such as SiO2, TiO2, Nb2O5, and Al2O3 it results in a mixture of two-

dimensional VOx species below and at the monolayer coverage, while the formation of three-

dimensional V2O5 species above the monolayer coverage starts to occur. In this contribution, 

support and loading effects for vanadium supported catalysts on SiO2, Al2O3, ZnO2, Nb2O5, and 

TiO2 are presented. Likewise, the versatility of this approach allowed to determine the activation 

energy and reaction order as a function of the metal oxide support. Raman- spectrokinetics served 

as a versatile approach to obtaining surface kinetic information from supported metal oxide 

catalysts, providing needed chemical insights about the surface properties of molecularly dispersed 

metal oxide catalysts that previously were not attainable by other characterization methods. 

V.2. Introduction 

Supported vanadium oxide catalysts are industrially attractive for various applications, 

especially in partial and/or total oxidation reactions.30, 82, 89, 104, 105 Among them, the partial and/or 

selective oxidation of light hydrocarbons comprised in natural gas (C1-C4 alkanes) toward either 

olefins or oxygenates is currently one of the most studied areas in heterogeneous catalysis.52, 82, 105, 

106 This is primarily due to the abundant natural gas resources which have led to a still going 

evolution of the modern chemical industry. Therefore, designing and synthesizing highly selective, 
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stable, active, and productive catalysts is the ultimate goal. The use of Raman-spectrokinetics was 

described as a methodology for gaining kinetic data directly from Raman spectra. 

Promising results have been found in several oxidation reactions with either bulk or supported 

metal oxides both at industrial and academic research scale.107 Supported vanadium oxide catalysts 

stand apart as promising catalysts for the production of olefins ref and/or oxygenates.2, 89 When 

vanadium oxide species are dispersed on the surface of another metal oxide, such as SiO2, TiO2, 

Nb2O5, and Al2O3 it results in a mixture of two-dimensional VOx species below and at the 

monolayer coverage, while the formation of three-dimensional V2O5 species above the monolayer 

coverage starts to occur.59, 82, 92, 108-110 

In order to contribute to the effort for a more rational design of metal oxide catalysts, different 

approaches have been developed. The methanol temperature programmed surface reaction 

(CH3OH-TPSR), has been successfully applied already for bulk, 14, 60, 61 and supported 34 mixed 

metal oxides to determine the chemical nature of the active surface sites for selective oxidation 

reactions. This approach provides kinetic information (rate-determining step of a reaction) directly 

from the FTIR spectra. Similarly, in-situ/operando Raman spectroscopy has contributed as a 

versatile technique to study metal oxide catalysts, 22, 28, 62-65 providing structure and kinetic 

information in real reaction conditions using a secondary analytical technique. Recently, the use 

of a new approach called Raman-spectrokinetics was described as a methodology for gaining 

kinetic data directly from Raman spectra. Using Raman-spectrokinetics, unique insights into the 

synergistic effects of ternary metal oxide catalysts were described by using transient kinetic 

techniques. 
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Raman-spectrokinetis proved to be a powerful technique providing an important part of the 

catalytic puzzle being able to provide insights into the presence of synergistic effects in complex 

multicomponent catalysts. To the best of our knowledge, the Raman-spectrokinetics approach has 

not been explored to determine significant features in metal oxide catalysts, as loading effects, 

support effects, and additional kinetic parameters as activation energy. In this contribution, we will 

study support effects for vanadium supported catalysts on SiO2, Al2O3, ZnO2, Al2O3, and Nb2O5. 

Likewise, different vanadium loadings will be used to follow loading effects, as well as activation 

energy. With this contribution, we aim to prove that Raman-spectrokinetics represents a versatile 

and robust tool for the characterization of metal oxide catalysts. 

V.3. Experimental Section 

V.3.1. Material Synthesis 

Sodium promoted SiO2 (Aerosil200 from Evonik; 200 m2 g−1) was used to improve the 

reactivity of silanol groups enhancing the monolayer coverage of metal oxides on SiO2 from 2.3 

to 9 Matoms nm-2 using the method reported elsewhere. 34 It has been reported that Na+ at the low 

values found in promoted silica does not influence in a remarkable way the reactivity of vanadia. 

34 By using anhydrous incipient wetness impregnation (IWI), sodium ethoxide (95%, Sigma-

Aldrich) was diluted in dry ethanol (Sigma-Aldrich, 99.5%) in a volume corresponding to the pore 

volume of the Aerosil 200 (1.4 mL g−1). Then, the solution was impregnated on SiO2 and calcined 

under air, ramping at 2 °C min-1 to 700 °C, and holding that temperature for 4 h. The Na+-SiO2 

material contained 0.33 wt. % Na+ and showed a surface area of 184 ± 7 m2 g−1. Vanadia was 

supported on Na+-SiO2, TiO2 (BTC, 99%, anatase, 57 m2 g−1) and Nb2O5 (Sigma-Aldrich, 99.9%, 

61 m2 g−1) by dry IWI of vanadium oxytriisopropoxide (VTI; Sigma-Aldrich) diluted in dry 
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isopropanol (Sigma-Aldrich, 99.5%). The concentration of vanadium was adjusted to obtain the 

wanted oxide loadings. Samples were vacuum-dried after impregnation and then calcined in a 

muffle furnace as indicated: (i) dried under nitrogen at 120 °C for 3 h, (ii) heating up to 550 °C at 

1 °C min-1 in dry air, and (iii) calcined at 550 °C for 3 h.87 Only in the case of vanadium supported 

on TiO2 catalysts, the calcination temperature was reduced to 450 °C to avoid dissolution of 

vanadia in the bulk phase of the support.108 

For the preparation of vanadia supported on -Al2O3 (Alfa Aesar, 99.99%, 120 m2 g-1) and ZrO2 

(Alfa Aesar, 99.5%, 103 m2 g-1), wet IWI was used to add the appropriate volume of an aqueous 

solution of ammonium metavanadate in water according to the method described elsewhere.110, 111 

The amount of vanadium was adjusted accordingly with the vanadia loading required for each 

support. The samples were dried overnight under ambient conditions. Finally, the catalysts were 

calcined in flowing air at 120 °C for 2 h and then calcined in flowing air at 550 °C for 3 h. 

 

V.3.2. Characterization 

Surface area analysis was performed by nitrogen adsorption using a Quantachrome Nova 2200e 

equipment (BET and t-plot analysis). Raman spectra were obtain using a Renishaw InVia Qontor 

Raman Spectrometer equipped with three solid-state lasers (785, 532, and 405 nm), four 

microscope objectives (5, 20, 50, and 100x), and an MS 20 Encoded Stage. All measurements 

were performed using a 405 nm laser, 2400 L mm-1 grating, and using a spectral range of 200–

1500 cm-1. A 50x long distance objective was selected, using 20 seconds of exposure time, 50% 

of power, and 3 accumulations. In-situ/Operando Raman studies were performed by coupling a 

CCR-1000 cell to the Raman microscope. Samples were dehydrated by heating up at 10 °C min-1 
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and holding at 500 °C under air for 1 h before Raman spectra acquisition. In addition, we used a 

thin layer of sample (about 3 mm length) and a high hour space velocity (GHSV  51x103 cm3 g-1 

h-1) to further minimize the temperature gradients along the axial direction across the bed. The 

gases coming out the CCR-1000 cell were analyzed using an MKS Cirrus2 Mass Spectrometer. 

V.3.3. Raman-spectrokinetics studies 

An overnight reduction process under hydrogen at 500 °C for 7 hours was followed for reducing 

all the materials. After purging with Ar for 1 hour, the experimental setup was switched from 

continuous mode to Raman-spectrokinetics mode. 25% O2 in Ar pulses using a 100 L loop were 

fed to the Raman cell, using a continuous stream of 30 mL min-1 of Ar as a carrier gas. About 20 

O2 pulses were fed to the cell until no further oxygen consumption was observed. Raman spectra 

were taken after each pulse in order to follow the oxidation of the vanadium oxide monolayer by 

tracking the V=O vibration. 

V.4. Results and Discussion 

Vanadium coverage for all the prepared catalysts was calculated using the BET surface area 

and metal loading values reported in Table 5. All the vanadium supported catalysts used in this 

study contained a vanadium loading below the theoretical monolayer coverage, which for most of 

the metal oxide supports results to be around 10 atoms nm-2.30, 112 As a result, it is expected purely 

two-dimensionally dispersed vanadia on the different metal oxide supports. 
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Table 5. Catalysts used in the Raman-spectrokinetic studies and characterization data 

Sample Catalyst Support 
Metal Loading Surface Area Surface Coverage 

(wt. % V) (BET m2 g-1) Vatoms nm-2 

1V/SiO2 

SiO2 

1 256.5 0.6 

2V/SiO2 2 230.9 1.1 

4V/SiO2 4 207.8 2.2 

4V/Al2O3 

Al2O3 

4 117.4 4.1 

6V/Al2O3 6 103.3 6.6 

8V/Al2O3 8 104.5 9.4 

2V/ZrO2 

ZrO2 

2 89.5 2.5 

3V/ZrO2 3 84.7 3.9 

4V/ZrO2 4 79.1 6.1 

2V/Nb2O5 

Nb2O5 

2 98.7 2.5 

4V/Nb2O5 4 95.1 5.2 

5V/Nb2O5 5 91.2 6.6 

1V/TiO2 

TiO2 

1 57.4 1.6 

3V/TiO2 3 52.7 4.8 

5V/TiO2 5 49.4 8.0 

 

To corroborate the absence of vanadia particles, and that as a result the studied catalysts were 

purely two-dimensionally dispersed, an in-situ Raman study of all the catalysts was performed. 

Figure 35 shows the different Raman spectra obtained for the vanadium supported catalysts as a 

function of loading for each of the different studied supports. In all cases, a strong vibration 

between 1025 and 1035 cm-1 was found, characteristic of the two-dimensional V=O vibration on 

their respectively studied supports.113 The former result, together with the absence in all the spectra 

of the characteristic vibration for V=O in 3D particles at 995 cm-1 confirms the presence of VO4 

species dispersed on the different catalysts supports. 
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Figure 35. In-situ Raman spectra for vanadium supported on (a) silica, (b) alumina, (c) zirconia, 

(d) niobia, and titania at different vanadium loadings 

After confirming that the different catalysts were at a surface coverage below monolayer 

coverage and two-dimensionally dispersed, Raman-spectrokinetics was used for gaining insights 

into loading and support effects in vanadium supported catalysts. Figure 36 shows the Raman-

spectrokinetic plots resulted from the transient oxidation of the partially reduced vanadium 
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supported catalysts. In all cases, an increase in the initial oxidation reaction rates as a function of 

vanadium loading was observed. For obtaining the initial oxidation rate values, the first four points 

from the Raman-spectrokinetic plots were used to calculate the slope of the curve, using a linear 

fit calculation. 

 

Figure 36. Raman-spectrokinetic study for vanadium supported on (a) silica, (b) alumina, (c) 

zirconia, (d) niobia, and (d) titania, at different loadings. Initial oxidation rates are reported for 

each of the Raman-spectrokinetic curves. Figure A1 show repetitions for two of the evaluated 

catalysts for reproducibility purposes 
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In order to properly compare the vanadium loading effect for each one of the different catalytic 

supports, turn-over frequency (TOF) values were calculated using the reaction rates obtained from 

the Raman-spectrokinetic experiments, as described below: 

𝑇𝑂𝐹 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙 𝑉𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑𝑠−1)

𝑚𝑜𝑙 𝑉𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒𝑑 𝑜𝑛 𝑠𝑢𝑝𝑝𝑜𝑟𝑡
                                 Eq. 4 

Likewise, the monolayer coverage fraction was calculated as follows: 

𝜃 =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (𝑉𝑎𝑡𝑜𝑚𝑠𝑛𝑚−2)

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (𝑉𝑎𝑡𝑜𝑚𝑠𝑛𝑚−2) 
                              Eq. 5 

Figure 37 shows the TOF values obtained for the different vanadium catalysts at different 

monolayer coverage for the different studied metal oxide supports. In general, it can be observed 

that the changing vanadium surface coverage below the monolayer coverage does not have a 

significant effect on the TOF values inside each individual support series. These behavior have 

been previously reported for vanadium supported catalysts for propane ODH on different catalytic 

support below monolayer coverage.2 The steady TOF values observed with vanadia coverage are 

indicative of similar oxidative reactivity among VO4 monomers and oligomers. Respect to the 

individual oxide supports, three different surface coverage regions were defined: (i) below half of 

monolayer coverage, (ii) around half of monolayer coverage, and (iii) over half and complete 

monolayer coverage. In all three regions, an increase in the oxidation rate was observed as a 

function of the support reducibility. The enhance in the redox kinetics as a function of the support 

reducibility has been previously reported for methanol oxidation, partial oxidation of alkanes and 

selective catalytic reduction (SCR) of NOx.114, 115 Having reducible supports goes together with 

higher basicity and electronegativity in the case of metal oxides, producing a change in the redox 

kinetics on vanadium supported catalysts.114  
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Figure 37. Vanadium oxidation TOF values as a function of surface vanadia coverage for different 

metal oxide support materials 

Similarly, apparent activation energy values for the different vanadium supported catalysts were 

determined using Raman-spectrokinetics. In Figure 38, the Raman-spectrokinetic curves obtained 

at constant loading are shown for each of the studied supports. As expected, for all the evaluated 

supports the initial oxidation rate obtained increased with temperature. For comparative purposes, 

the temperature range was set between 400 and 500 °C. In the case of the V/Al2O3 catalyst, the 

lower temperature limit (400 °C) was not high enough to oxidize vanadium in a significant fashion 

produce a worthy Raman-spectrokinetic curve. As a result, the first point for this sample was 

evaluated a 450 °C. In the case of the V/TiO2 catalysts, a shorter temperature range was used to 

avoid vanadium dissolution on the titania support reported at temperatures higher than 450 °C.116  
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Figure 38. Raman-spectrokinetic study for vanadium supported on (a) silica, (b) alumina, (c) 

zirconia, (d) niobia, and (d) titania, at different temperatures. Initial oxidation rates for each 

temperature are reported for each of the Raman-spectrokinetic curves 

Figure 39 shows the Arrhenius plot for the evaluated vanadium supported catalysts. Activation 

energy is known to be determined in the case of oxidation of catalytic materials by the rate-limiting 

step of the oxidation process, which may include oxygen adsorption, dissociation, intercalation, 

diffusion, and, finally, structural transformation.117 In the case of highly dispersed materials, 
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several of the formerly mentioned rate-limiting processes are expected to be accelerated, as i.e., 

adsorption, dissociation, and intercalation so that the progressive oxidation is significantly assisted 

by the limited diffusion restrictions of the material.117 It has been reported for the oxidation of 

reduced bulk vanadium activation energies of 132 kJ mol-1 and 170 kJ mol-1 for V(100) to V2O3 

and V2O3 to V2O5 respectively.118, 119  

 

Figure 39. (a) Arrhenius plot and (b) correspondent apparent activation energies for vanadium 

supported catalysts at about half of monolayer coverage as a function of the evaluated metal oxide 

support 

In the case of high aspect ratio materials, as it is the case of V2O3 nanocrystals, the activation 

energy decreases to values around 90 kJ mol-1.117 The apparent activation energy values found in 

this work are in a range between 16-50 kJ mol-1, which are in accordance with the molecularly 

dispersed nature of the partially reduced vanadium present on the different studied supports. The 

minimum oxygen diffusion restrictions (expected rate-limiting step) results in lower activation 

energies for the vanadium oxidation process. Among all the studied metal oxide supports where 

vanadium was present, the highest activation energy values were found for vanadia on alumina 

(Table 6). This result agrees with the experimental observation found for V/Al2O3, where the 
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oxidation process was limited at 400 °C. At the same time, for all the other supports, it was 

favorable at that specific temperature. One possible reason for this phenomenon is that the high 

Bronsted acidity of alumina helps to stabilize the reduced vanadia phase on the alumina support. 

Table 6. Initial oxidation rates and apparent activation energy (Ea,app) values obtained for the 

vanadium supported catalysts 

Sample 
Temperature Initial rate Ea,app 

°C x10-8 mol g-1 s-1 kJ mol-1 

4V/SiO2 

400 24.1 

20.4 450 33.7 

500 38.5 

4V/Al2O3 

450 33.2 

50.2 500 81 

550 90.1 

4V/ZrO2 

400 11.2 

19.7 450 14.9 

500 17.6 

4V/Nb2O5 

400 65.6 

15.9 450 76.8 

500 94.8 

5V/TiO2 

400 43.1 

37.3 425 58.4 

450 68.2 

 

In order to calculate reaction for the initial oxidation rate process respect to oxygen, a Raman-

spectrokinetic study was performed varying the oxygen pulse concentration for the vanadium 

supported catalysts. In Figure 40, the Raman-spectrokinetic curves obtained by varying the oxygen 

pulse concentration (12.5, 25, and 33.3% O2 in Ar/100 L pulse) are shown. 
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Figure 40. Raman-spectrokinetic study for vanadium supported on (a) silica, (b) alumina, (c) 

zirconia, (d) niobia, and (d) titania, at different oxygen concentrations. Initial oxidation rates for 

each oxygen concentration are reported for each of the Raman-spectrokinetic curves 

Using the initial reaction rates obtained for the different vanadium supported catalysts as a 

function of the O2 pulse concentration, reaction orders were calculated as follows: 

𝑟𝑜 =  𝑘[𝑂2]𝑥
𝑜

 [𝑁𝑆]𝑜
𝑦

                                                         Eq. 6 
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Where 

ro = initial oxidation rate 

k = rate constant 

[O2]o
x = initial oxygen concentration to the x-order 

[Ns]o
y = initial concentration of active sites to the y-order 

 

Assuming that the initial concentration of vanadium actives sites is about constant at an early 

stage of the oxidation process, we can add it to the reaction rate constant (k’ = k [NS]o
y), resulting 

in: 

𝑟𝑜 =  𝑘′[𝑂2]𝑥
𝑜

                                                                        Eq. 7 

Moreover, after linearizing the equation, it results as: 

ln 𝑟𝑜 =  𝑙𝑛 𝑘′ + 𝑥𝑙𝑛[𝑂2]𝑜                                                              Eq. 8 

By using Eq. 8, the linear expression for the initial vanadium oxidation rate and O2 

concentration allows us to calculate the reaction order respect to oxygen using the resulting slope 

of the ln ro vs ln ([O2]) curve (x value in Eq. 8). In Figure 41a, the trajectories for the log of the 

initial vanadium oxidation rates as a function of the log of the molar oxygen pulse concentration 

is shown. A linear trend for all the supports was obtained with similar slopes as a function of the 

evaluated catalyst support.  
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Figure 41. (a) Reaction order curves and (b) correspondent reaction order values obtained for 

vanadium supported catalysts at about half of monolayer coverage as a function of the evaluated 

metal oxide support 

For comparative purposes, Figure 41b shows the reaction order with respect to oxygen molar 

concentration. For all the evaluated catalyst supports except for niobia, a reaction order of about 

0.5 respect to oxygen was obtained (Table 7). Previous studies have reported a reaction order of 

0.5 respect to oxygen using vanadium supported catalysts for the partial oxidation of propylene to 

acrolein.92 The reaction order respect to oxygen found in this study for the different supports results 

to be similar respect to what has been reported. Vanadium supported on niobia shows a lower 

reaction order in comparison with all the other supporting materials. The high reducibility and 

Lewis acidity of this metal oxide support promotes an alternate mechanism for the oxidation of 

vanadium, where niobia participates in the redox process and, as a result changing the magnitude 

of the observed reaction order. 
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Table 7. Initial oxidation rates and reaction order values obtained for the vanadium supported 

catalysts 

Sample 
O2 Pulse Concentration Initial rate 

Reaction order 
x10-3 mol L-1 x10-8 mol g-1 s-1 

4V/SiO2 

5.11 20.6 

0.5 10.22 24.1 

13.61 34.5 

4V/Al2O3 

5.11 28.2 

0.6 10.22 33.2 

13.61 52.9 

4V/ZrO2 

5.11 13.6 

0.7 10.22 18 

13.61 28.6 

 5.11 59.7 

0.2 4V/Nb2O5 10.22 65.6 

 13.61 71.2 

5V/TiO2 

5.11 34.7 

0.6 10.22 43.1 

13.61 62.5 

 

V.5. Conclusions 

The Raman-spectrokinetics experiments have shown to be able to provide a complete kinetic 

characterization for vanadium supported catalysts. By using vanadium supported on SiO2, Al2O3, 

ZrO2, Nb2O5, and TiO2, support and loading effects were investigated at different loadings below 

monolayer coverage. Similar TOF values for vanadium oxidation were found as a function of 

vanadium loading, suggesting that vanadium monomers and oligomers present similar reactivity 

towards oxidation. Likewise, the reducible supports facilitate the redox process of vanadium, with 

V/Nb2O5 presenting the higher rates among all the studied metal oxide supports. 

The broad versatility of Raman-spectrokinetics allowed calculating the apparent activation 

energy values for vanadium as a function of the metal oxide support. The highest activation energy 
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was found for V/Al2O3 (50.2 kJ mol-1), resulting from being the support that required the highest 

temperature for vanadium oxidation. Furthermore, all the other metal oxide supporting materials 

(SiO2, ZrO2, Nb2O5, and TiO2) presented similar activation energies of about 20 kJ mol-1, which 

are lower to the reported for bulk samples. 

Finally, to prove the broad range of applications for Raman-spectrokinetics, the reaction order 

respect to oxygen for vanadium oxidation was determined. A reaction order of close to 0.5 was 

found for all the studied supports, following what has been reported, with exception ob V/Nb2O5. 

For vanadium supported on niobia, the lower activation energy could be a result of the highest 

reducibility of niobia, which may participate actively in the redox process of vanadia. 

Thus, Rama-spectrokinetics served as a versatile approach to obtaining surface kinetic 

information from supported metal oxide catalysts, providing the needed chemical insights about 

the surface properties of molecularly dispersed metal oxide catalysts that previously were not 

attainable by other characterization method. 
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VI. Chapter 6. Conclusions and directions for future work 

VI.1. Conclusions 

Gaining structure-reactivity relationships for the rational design of heterogeneous catalysts is 

one of the most critical goals in the development of a catalytic process. The necessity for achieving 

more efficient catalysts has brought the need for more powerful characterization tools that allow 

us to obtain molecular-level information during reaction conditions of the studied catalytic process. 

By gaining kinetic knowledge directly from the catalytic active site, several parameters about its 

catalytic properties (e.g., synergistic effects, metal support interactions, deactivation) can be 

obtained. Operando Raman spectroscopy is known as one of the most powerful techniques to gain 

molecular-level information from the inorganic part of the catalytic reaction during operando 

conditions. In this work, by coupling operando Raman spectroscopy with transient kinetics, by the 

first time, we could obtain kinetic data directly from the Raman spectra from the catalytic active 

site. 

In Chapter III, the proof of concept of the new Raman-spectrokinetics approach was 

demonstrated. By using the custom made original setup designed and built to run operando Raman 

spectroscopy in steady-state and transient mode, synergistic effects in a ternary (VOx)m-

(NbOy)n/SiO2 catalysts were studied. The uniqueness of this approach allowed us to gain kinetic 

data directly from the Raman spectra by time, resolving the fast oxidation kinetic process. A 

significant synergistic effect was observed on this ternary metal oxide system, where vanadia 

promoted the reduction of niobia, and at the same time, niobia promoted the oxidation of vanadia. 

Kinetic data was simultaneously followed by Mass Spectroscopy to compare and validate the one 

produced by Raman spectrokinetics. In the case of the binary V/SiO2 reference material, the 
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reaction rates obtained by both techniques were in accordance. In the case of the ternary V-Nb/SiO2 

catalysts, a difference in the reaction rates obtained by both methods was observed with the 

increase of the niobia loading. This difference was expected as MS kinetic data reflects the overall 

kinetics from the oxidation process (V+Nb). In the case of Raman-spectrokinetics, the technique 

allowed to detach the kinetic data coming only from vanadium, which is known as the catalytic 

active site. 

In Chapter IV, a more in-deep observation of the V-Nb/SiO2 catalysts was performed to 

understand the origin of the synergistic effect observed by using Raman-spectrokinetics. By 

combining our operando Raman data with in-situ FTIR and NAP-XPS, molecular-level 

information about the structure and dispersion of the vanadia and niobia sites on the surface of the 

silica support was achieved. A curve fitting process of the operando Raman spectra allowed to 

uncover the Nb=O and V-O-Si vibrations from the deep vibration corresponding to V=O. This, 

together with the redox data provided by NAP-XPS and the surface silanols from FTIR permitted 

to explain experimental observations suggesting the presence of a joint monolayer formation at 

one specific niobia loading for the V-Nb/SiO2 catalysts series. 

In Chapter V, a broader proof of concept for the new Raman-spectrokinetics approach was 

evaluated. By using a series of vanadium supported catalysts at different loadings (below 

monolayer coverage) on SiO2, Al2O3, ZrO2, Nb2O5, and TiO2, which due to their properties 

represent the most used catalytic support materials. For all the studied supports, there was not a 

significant change in the vanadium oxidation rate as a function of the vanadium loading, 

suggesting that vanadium monomers and oligomers present similar oxidation rates. Likewise, 

comparing the support effect for vanadium oxidation, it was observed that the reducibility of the 

supporting material facilitates the oxidation of the vanadium sites. A more in-deep kinetic 
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characterization of these materials was performed by calculating the activation energy for the 

vanadium oxidation process, as well as the reaction order respect to oxygen. It was found similar 

activation energy values (about 30 kJ mol-1) for all the studied supports with the exception of 

alumina, which showed the highest activation energy value. It matched with the fact that not a 

single Raman-spectrokinetic could be performed at 400 C, while for all the other supports, it was 

possible. The reaction order respect to oxygen for the vanadium oxidation process was about 0.5 

for all the studied supports with the exception of niobia, which showed a lower value.  

The presented approach can be seen as a powerful tool to identify the role of promoters and 

synergistic effects in heterogeneous catalysts. This approach could be used to obtain detailed 

kinetic data on the redox properties of binary, ternary, and/or multi-component supported (and 

eventually bulk) metal oxides catalysts. The knowledge gained from this work could lay the 

foundation for incorporating Raman-spectrokinetics as a critical component of the “to-do list” for 

establishing structure-reactivity relations in heterogeneous catalysts. 

VI.2. Directions for future research 

It has been demonstrated in this dissertation that Raman-spectrokinetics can stand alone as 

another powerful tool in the list of characterization techniques to gain detailed kinetic data for 

heterogeneous catalysts. Furthermore, it proved to be also a complementary tool that can work 

together with other spectroscopic techniques to gel molecular-level information on the surface 

structure/dispersion of metal oxide catalysts. As a new proven approach, there are so many things 

that can be explored with Raman-spectrokinetics to take advantage of both the ability to gain 

structural information in real reaction conditions and time resolving fast kinetic processes. 
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VI.2.1. Evaluating reaction kinetics of the reduction step with hydrogen to develop an 

upgraded version of TPR 

So far, we demonstrated the potentiality of Raman-spectrokinetics to follow fast oxidation 

processes. Being able to follow the slow reduction process of some metal oxide catalysts may 

allow us to take a complete characterization of the redox properties by using Raman-

spectrokinetics alone. It may save time and effort related to use alternate techniques as H2-TPR 

and/or NAP-XPS. 

VI.2.2. Detaching combined kinetics for dual active site supported catalysts 

Understanding structure-reactivity relationships in dual active site catalysts can result in a 

challenge even with the help of modern techniques. Detaching the individual contribution of each 

active site from kinetics measurements can result in a significant problem. In the case of supported 

catalysts where the two active sites are also Raman active as it is the case of the V-W/TiO2 SCR 

catalyst, the use of Raman spectrokinetics could help to get kinetic information from each of the 

active sites. By following their Raman vibrations in the same Raman spectra and how they change 

during the redox process, unique kinetic data could be measured on this kind of dual active site 

catalyst. 

VI.2.3. Probing high polarizability substrates to follow reactants and products adsorption 

process simultaneously 

Raman spectroscopy does not result to be the best technique to follow hydrocarbons in general. 

In the case of high polarizability ones as alcohols, the possibility of following them during their 

adsorption on the catalyst surface results to be relevant. Having the opportunity to test this 

approach in a reaction where we can probe pulses of reactants, following the changes that the 
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catalysts undergo during the alcohol adsorption process, can result in a new characterization 

approach. Nowadays, TPSR is a technique that, by using operando FTIR follows the alcohol 

adsorption process, but no information from the inorganic part is obtained. Using Raman 

spectrokinetics can provide both sides of the reaction picture simultaneously (organic and 

inorganic part). 

VI.2.4. Following catalyst deactivation processes during the non oxidative 

dehydrogenation of propane 

Understanding the deactivation process during coke formation catalytic processes is an essential 

step in the development and improvement of metal oxide catalysts. One of the reactions where the 

coke formation process can result in the rapid deactivation of metal oxide catalysts is the non-

oxidative dehydrogenation of propane. Here, Raman spectrokinetics can provide the high 

sensitivity of the technique by itself towards carbon speciation and detection. Likewise, as a time-

resolved approach, it may offer the possibility of following the deactivation process gradually by 

feeding to the system small pulses of hydrocarbon, allowing to understand the nature of the carbon 

during the deactivation process and how the active site results affected because of this phenomena. 
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Appendix 1.1) Tables including the ICP and BET data obtained for the different catalysts 

Table A1. Set of data for V loading (wt. %) 

Sample ICP-I ICP-II ICP-III Average STDEV 

4V/0Nb/SiO2 3.6 3.3 3.6 3.5 0.2 

1.4Nb/SiO2 - - - - - 

2.2Nb/SiO2 - - - - - 

4.2Nb/SiO2 - - - - - 

5.5Nb/SiO2 - - - - - 

4V/1.4Nb/SiO2 3.3 3.5 4 3.6 0.4 

4V/2.2Nb/SiO2 3.7 3.3 3.8 3.6 0.3 

4V/4.2Nb/SiO2 3.2 3.5 3.8 3.5 0.3 

4V/5.5Nb/SiO2 3.6 3.8 3.1 3.5 0.4 

Table A2. Set of data for Nb loading (wt. %) 

Sample ICP-I ICP-II ICP-III Average STDEV 

4V/0Nb/SiO2 - - - - - 

1.4Nb/SiO2 1.4 1.6 1.2 1.4 0.2 

2.2Nb/SiO2 2.1 2.3 2.2 2.2 0.1 

4.2Nb/SiO2 4.3 4.4 3.9 4.2 0.3 

5.5Nb/SiO2 5.2 5.6 5.7 5.5 0.3 

4V/1.4Nb/SiO2 1.3 1.1 1.8 1.4 0.4 

4V/2.2Nb/SiO2 2.4 2.1 2.1 2.2 0.2 

4V/4.2Nb/SiO2 4.1 4.4 4.1 4.2 0.2 

4V/5.5Nb/SiO2 5.1 5.6 5.8 5.5 0.4 
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Table A3. Set of data for BET surface area (m2 g-1) 

Sample BET-I BET-II BET-III Average STDEV 

4V/0Nb/SiO2 151.0 170.0 156.0 159 9.8 

1.4Nb/SiO2 
177.0 183.0 204.0 188 14.2 

2.2Nb/SiO2 
173.0 161.0 179.0 171 9.2 

4.2Nb/SiO2 
141.0 166.0 158.0 155 12.8 

5.5Nb/SiO2 
132.0 149.0 142.0 141 8.5 

4V/1.4Nb/SiO2 150.0 134.0 154.0 146 10.6 

4V/2.2Nb/SiO2 125.0 140.0 134.0 133 7.5 

4V/4.2Nb/SiO2 111.0 130.0 122.0 121 9.5 

4V/5.5Nb/SiO2 99.0 120.0 111.0 110 10.5 

 

 

Appendix 1.2) Reproducibility test for Raman-spectrokinetics plots  

 

Figure A.1. Reproducibility test for two selected catalysts from the vanadium supported catalysts series 

evaluated in Chapter V. (a) 4V/SiO2 at 400 °C and (b) 4V/Al2O3 at 450 °C, both evaluated at 25% O2. In 

both cases the rates present adiation of around ± 4 x 10-8 mol g-1 s-1 which represents the error of the 

measurement 
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