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Abstract 

Complex oxide catalysts are used as heterogeneous catalysts for producing various 

important organic chemicals. In this thesis, three types of complex oxide catalysts 

prepared using novel preparation methods have been studied. Each of them has been 

evaluated for its catalytic performance, namely (i) the selective oxidation of n-butane to 

maleic anhydride over vanadium phosphate (V-P-O) materials; (ii) the oxidative 

dehydrogenation (ODH) of ethane to ethylene over niobium phosphate (Nb-P-O) 

materials, and (iii) the oxidation of methanol to formaldehyde over iron molybdate (Fe-

Mo-O) materials. Analytical electron microscopy, X-ray diffraction and other related 

characterization techniques have been used to provide useful information regarding the 

morphology, crystallography and chemical composition of these complex oxide catalysts. 

The underlying aim of this work is to uncover meaningful synthesis-structure-

performance relationships for these three complex catalyst systems.  

Firstly, a standard methodology for generating V-P-O materials, i.e. the VPD 

route, has been revisited and modified. A variety of alkanes have been added during the 

alcohol reduction step of VOPO4·2H2O, which were found to have a remarkable 

influence on the morphology and structure of the V-P-O materials produced. Either 

VOHPO4·0.5H2O or VO(H2PO4)2 material can be produced depending on the precise 

alcohol:alkane volume ratio used in the reaction. In addition, the specific order in which 

the alkane and alcohol are added to VOPO4·2H2O during the VPD route has a dramatic 

effect on the morphology of the resultant precursor. Through detailed electron 

microscopy studies we have been able to unveil the epitaxial relationship between the 

VOPO4·2H2O and VOHPO4·0.5H2O crystalline phases as being [001]VOPO4·2H2O // 
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[001]VOHPO4·0.5H2O and [100]VOPO4·2H2O // [110]VOHPO4·0.5H2O. A two-step mechanism by 

which the topotactic transformation from VOPO4·2H2O to VOHPO4·0.5H2O occurs has 

been proposed. 

Secondly, three different novel synthesis routes have been explored for producing 

V-P-O catalysts. The first route, involving the addition of various V-P-O ‘seeds’ during 

the VPD process, was found to have a profound effect on the morphology of the V-P-O 

precursor and on inducing certain unexpected phase transformations. Specifically, the V-

P-O seed was found to induce the transformation of VO(H2PO4)2 to VOHPO4·0.5H2O in 

a 3-octanol solution. The second route, namely the use of a di-block copolymer template 

in the VPO route, was found to generate a more crystalline VOHPO4·0.5H2O precursor 

with a rhomboidal morphology, which could be activated in a much shorter time period 

as compared to conventional V-P-O precursors. The third route involved encapsulating 

the fragile V-P-O rosette-type catalysts within a mechanically protective SiO2 shell. 

When used in a circulating fluidized bed reactor, these core/shell V-P-O catalysts showed 

a promising initial catalytic performance, but suffered a severe degradation in 

performance after two years-on-line. We have been able to attribute this degradation to 

three contributing factors; namely (i) the generation of inactive V5+ (e.g. β-VOPO4) 

phases, (ii) densification of the SiO2 shell and (iii) loss of core V-P-O materials. In 

addition, through this latter study, the novel X-ray ultramicroscopy (XuM) technique has 

been shown to have great potential for the non-destructive study of micron-scale catalyst 

particles. 

Thirdly, three different niobium phosphate materials, namely the Nb2P4O15, 

NbOPO4 and Nb1.91P2.82O12 phases, have been synthesized. Each of them was evaluated 
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for the ODH of ethane to ethylene and the oxidation of methanol to formaldehyde, 

respectively. It was found that the Nb1.91P2.82O12 phase is the most desirable structure for 

ethane ODH, whereas the NbOPO4 phase is more effective for methanol oxidation. The 

morphological and structural changes induced by both reactions on these Nb-P-O 

catalysts have been monitored, and correlated to the measured changes in their catalytic 

performance.  

Finally, a highly active Fe2(MoO4)3/MoO3 catalyst for methanol oxidation has 

been prepared using a novel impregnation method. This catalyst consists of MoO3 

nanorods on which epitaxial Fe2(MoO4)3 islands are supported. Based on our 

microstructural characterization studies, a mechanism has been proposed for the 

formation of this fascinating nanorod/island morphology which involves a thermally 

induced solid-state diffusive reaction accompanied by the Kirkendall effect. The 

excellent catalytic performance of this catalyst is thought to result from the synergistic 

behaviour between the active surface Fe2(MoO4)3 islands and the underlying MoO3 

reservoir. 
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Chapter 1 An introduction to complex oxide catalysts 

1.1 General overview of catalysis 

Dating back to 19th century a number of chemical reactions were found to be 

affected by small amounts of materials that sustained the reaction. For example, the 

decomposition of hydrogen peroxide was affected by trace amounts of metal ions. Such 

phenomena were first described by Berzelius[1] in 1836 stating that “I shall therefore call 

it the catalytic power of substances, and the decomposition by means of this power 

catalysis, just as we use the word analysis to denote the separation of the component 

parts of bodies by means of ordinary chemical forces. Catalytic power actually means 

that substances are able to awake affinities which are asleep at this temperature by their 

mere presence and not by their own affinity.” The word ‘catalysis’ has appeared in 

human history since then.  

Catalysis is involved in most industrially operated chemical processes and the 

majority of commodity chemicals produced depend heavily on the use of catalyst 

materials.  It is estimated that catalysis creates more than $1 trillion in annual revenues 

and approximately 850,000 tonnes of catalysts were used in 2007. Nowadays a catalyst is 

usually defined as a substance that can change the rate of a chemical reaction without 

itself being consumed by the reaction. Catalysis is the phenomenon caused by the 

presence of a catalyst. The significant importance of the catalyst (this project is focused 

on positive catalysts) is known as its ability to increase the reaction rate of a specific 

reaction by lowering the activation energy as shown in Figure 1.1.  
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Figure 1.1 Potential energy plot against reaction coordinate for an exothermic reaction 
showing the lowering of the activation energy for catalyzed chemical reactions compared 
to uncatalyzed. [2]  
 

Normally catalysts can be divided into two major categories:  

(i) homogeneous catalysts which are in the same physical state as the reactants 

and no phase boundary exists, e.g. all are in the gas phase, and 

(ii) heterogeneous catalysts which are in a different physical state from the 

reactants and a phase boundary exists between the catalysts and the reactants.  

The most commonly used heterogeneous catalysts exist in the solid state and interact with 

gas and/or liquid reactants. Heterogeneous catalysts are also widely used in industrial 

chemical reactions because of their higher stability and ease of separation from the 

reactants and products. During the course of this research program, we will focus on the 

applications and studies of the heterogeneous catalysts. 

A few important terms used to describe the performance of catalysts are activity, 

selectivity and lifetime. The activity, also known as the conversion, is a measure of the 

rate of consumption of the reactant. The selectivity is the proportion of the desired 
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product obtained after the reaction. The lifetime of a catalyst is the time period during 

which the catalyst effectively produces the desired product. Usually a catalyst consists of 

more than one chemical component, namely the active phase, promoter or support. The 

active phase is responsible for the catalytic activity, which could either be a single phase 

or a combination of different phases. The promoter is not a catalyst by itself but is used to 

maximize the catalytic performance of the active phase by favorably modifying the 

structure (i.e. structural promoters) or the chemistry (i.e. electronic promoters) of the 

catalyst. The support is usually catalytically inactive, which serves as a carrier for the 

active phase and promoter. It can provide a high surface area matrix where the active 

components can be widely spread. In an industrial catalysis process, a support having 

catalysts on the surface can be made into different physical forms to fit into the shape of 

reaction chamber in catalytic reactors. Some of the support materials can also participate 

in the catalytic reaction by influencing the catalytically active components. 

As stated by Thomas and Thomas,[3] “Catalysis must always be preceded by 

adsorption. At least one of the reactants in all heterogeneously catalyzed process must be 

attached for a significant period of time to the exterior surface of the solid catalyst.” It is 

well known that most catalytic reactions are surface reactions occurring on the exterior 

surface of catalysts. Two distinct mechanistic scenarios for heterogeneous catalysis 

process on the surface can be concluded as: (i) the Langmuir-Hinshelwood mechanism in 

which both reactants A and B are adsorbed onto the surface and reacted to form a product 

C (Fig. 1.2(a)) and (ii) the Eley-Rideal mechanism where A is attached and is then 

impinged by entity B from the gas phase to form a product C (Fig. 1.2(c)).[3] It is worth 

mentioning that there are two different absorptions, namely the physical adsorption (or 
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physisorption) and the chemical adsorption (or chemisorption). Physical adsorption 

processes occur due to van der Waals force interaction with an enthalpy change typically 

in the range of 8 - 20 kJ mol-1. Chemical adsorption, on the other hand, occrus because of 

the rearrangement of the electrons within the molecule resulting in the formation and 

breaking of chemical bonds, which shows an enthalpy change within 80 - 400 kJ mol-1.  

 
Figure 1.2 Two possible mechanistic scenarios for heterogeneous catalysis process on 
the surface: (a) Langmuir-Hinshelwood mechanism and (b) Eley-Rideal mechanism.[3] 
 

In an industrial process three different types of heterogeneous catalysts are 

usually encountered, that is to say, metals, oxides and sulfides. In this project I will focus 

on the study of oxide catalysts. Specifically three distinct catalyst systems that will be 

discussed are:-  

(a) Vanadium phosphate (V-P-O) catalysts for the selective oxidation of n-butane 

to maleic anhydride (MA),  

(b) Niobium phosphate (Nb-P-O) catalysts for the oxidative dehydrogenation of 

ethane to ethylene and for the selective oxidation of methanol to formaldehyde,  

(c) Iron molybdate (Fe-Mo-O) catalysts for the selective oxidation of methanol to 

formaldehyde. Each of these specific catalyst systems will be reviewed in the following 

sub-section. 
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Vanadium phosphate (V-P-O) catalyst system 

The selective oxidation of n-butane to maleic anhydride over V

The selective oxidation of n-butane (C4H10) to maleic anhydride

using vanadium phosphate (V-P-O) catalysts was discovered in late 1960’s

shown in equantion 1.1. It has been extensively studied over the intervening decades

(MA) is a highly reactive and versatile raw che

in the production of unsaturated polyester resins (UPR). These resins are 

primarily in the automobile, boating and construction industries. 

can also be used in the production of paints, coatings, lubricant additives

emicals, maleic acid, copolymers, Lycra and fumaric acid

chemical reaction (eqn. 1.2) of the selective oxidation of n-butane to maleic anhydride 

involves the removel of 8 hydrogen atoms and insertion of 3 oxygen atoms. Since this 

oxidation reaction is exothermic and is accompanied by other non

reactions, such as those shown in equations 1.3 and 1.4, it is imperative to use an 

V-P-O) that increases the selectivity as well as the activity of 

the main reaction (eqn. 1.2).  

 

O3 + 4H2O        

2 + 5H2O       
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butane to maleic anhydride over V-P-O catalysts 

to maleic anhydride (C4H2O3) 

discovered in late 1960’s[4] and is 

the intervening decades. 
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. These resins are 

and construction industries. Maleic 

lubricant additives, 
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butane to maleic anhydride 

involves the removel of 8 hydrogen atoms and insertion of 3 oxygen atoms. Since this 

oxidation reaction is exothermic and is accompanied by other non-selective side 

imperative to use an 

O) that increases the selectivity as well as the activity of 

    (1.2) 

    (1.3) 

(1.1) 
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C4H10 + 4.5 O2 � 4CO + 5H2O           (1.4) 

 In industrial processes, this n-butane oxidation is normally carried out in a fixed 

bed or fluidised bed reactor[5] in the presence of a V-P-O catalyst. The starting V-P-O 

catalyst is usually in the form of a catalyst precursor, which is known as the vanadyl 

hydrogen phosphate hemihydrate (VOHPO4·0.5H2O). Under the reaction conditions the 

VOHPO4·0.5H2O precursor material is transformed in-situ into the active V-P-O 

catalyst.[6] An alternative way to prepare the material is to calcine the VOHPO4·0.5H2O 

precursor in air or nitrogen and then transfer the active V-P-O catalyst into the reactor. 

The typical catalytic reaction conditions employed are at temperature 400 -450 °C with a 

1-2 mol% n-butane/air feed in a gas hourly space velocity (GHSV) regime of 1000 - 3000 

h-1. The typical activation time for the catalyst precursor to transform in-situ to the active 

catalyst is around 100 hours, which can be monitored by following the catalytic 

performance (i.e. the selectivity and conversion) of the V-P-O catalyst until it reaches a 

steady state value (or a plateau). The typical expected selectivity to MA of a V-P-O 

catalyst is around 65%, with a n-butane conversion of 75 %. Hence the yield to MA (i.e. 

the product of selectivity and conversion) is only about 50%, which means there is plenty 

of scope for improving the catalytic performance of V-P-O materials. 

 It is widely accepted that the V-P-O catalyst precursor is the VOHPO4·0.5H2O 

phase, whereas there is a lively ongoing debate on the precise nature of the active phase 

and hence the active sites present in V-P-O catalysts for n-butane oxidation. Some 

researchers believe that the active phase is the crystalline vanadyl pyrophosphate phase 

((VO)2P2O7),
[7,8] while others attribute the active phase to a combination of the 

(VO)2P2O7 (V
4+) phase and small amounts of other V5+ phases (i.e. VOPO4 phases).[6,9] In 
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relation to the reaction mechanism, most researchers agree that it follows a surface redox 

or Mars-van-Krevelen mechanism.[10,11] This involves the weakly bonded lattice oxygen 

anions at the V-P-O surface being lost and incorporated into n-butane molecules during 

the oxidation reaction cycle. Then the reduced V-P-O surface will be re-oxidized by the 

gaseous oxygen molecules in order to maintain charge neutrality in the crystal structure. 

A more detailed review concerning the determination of active phase and the elucidation 

of reaction mechanisms will be presented in sub-section 1.2.4 and 1.2.5, respectively.  

1.2.2 Preparation of V-P-O catalyst precursors 

Most standard preparation methods, in which a vanadium source is reacted with 

phosphoric acid in the presence of a reducing agent, tend to form either VOHPO4·0.5H2O 

(the hemihydrate phase) or VO(H2PO4)2 (the E-phase), or sometimes a mixture of the two 

materials. It is generally accepted that the best catalysts are based on VOHPO4·0.5H2O 

precursors which under in-situ activation conditions form a catalyst mainly comprising 

the active (VO)2P2O7 (pyrophosphate) phase.[6,12-14] Since the transformation of the 

precursor to the final catalyst is topotactic in nature, the morphology of the precursor is of 

crucial importance in determining the eventual catalyst morphology and its performance 

following activation.[6], [15] Hence the preparation of V-P-O catalyst precursors is very 

important and is worth some discussion here. Based on the seminal work of Horowitz et 

al.
[16]

 and Johnson et al.,[15] three standard preparation methodologies have been 

developed as outlined in equations 1.5, 1.6 and 1.7.[17]  
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Typically in a first step, VOHPO4·0.5H2O is synthesized from vanadium oxide 

and phosphoric acid under reflux conditions in either aqueous HCl (VPA route, eqn. 1.5) 

or alcohol (e.g. isobutanol, VPO route, eqn. 1.6), at a reaction temperature of about 

100ºC. The latter VPO route is currently the technology of choice used to produce 

industrial V-P-O catalysts. In an alternative method (known as the VPD route, eqn. 1.7), 

the vanadyl phosphate dihydrate phase (VOPO4·2H2O) is produced from the reaction of 

V2O5 and H3PO4, and is then reduced with an alcohol at ca. 100-110ºC to form the 

VOHPO4·0.5H2O precursor.  

The precursors obtained from the VPA route result in a block-type morphology 

with a low surface area (~ 4 m2g-1), as shown in Figure 1.3(a) and Table 1.1.[12] The 

VOHPO4·0.5H2O precursors produced from the VPO route, on the other hand, are 

usually found to have a rhomboidal shape platelet-type morphology (Fig. 1.3(b)) when 

isobutanol is used as the reducing agent.[12] Its surface area is higher than that of the VPA 

route material, at around 14 m2g-1. When a mixture of isobutanol and benzyl alcohol is 

used as the reducing agent, a rosette-type morphology is observed in the precursor 

material (Fig. 1.3(c)).[16] The VPD route is a more complicated method than the other two 

(1.5) 

(1.6) 

(1.7) 
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methods. Depending on the choice of alcohols (i.e. primary alcohols, secondary alcohols 

and tertiary alcohols) used in the reduction step of VOPO4·2H2O, three different 

morphologies can be generated.[18] A primary alcohol (e.g. octan-1-ol) can give rise to the 

formation of a rosette-type VOHPO4·0.5H2O (Fig. 1.3(c)), whereas a secondary alcohol 

(e.g. octan-2-ol) leads to the production of the VOHPO4·0.5H2O with a typical 

rhomboidal shaped platelet-type morphology. Surprisingly adding a tertiary alcohol (e.g. 

octan-3-ol) in the reduction step of VOPO4·2H2O generates a blocky VO(H2PO4)2 

material (also known as the E-phase) that is highly selective to MA but not very active.[8] 

A detailed study of materials produced by the VPD method using a mixture of alcohols 

and alkanes will be presented in Chapter 4 of this thesis.  

In all cases, irrespective of the preparation route chosen, the hemihydrate 

(VOHPO4·0.5H2O) precursor material is then transformed in a final step to the active 

catalyst in-situ under reaction conditions (1.5% n-butane in air, ~400ºC). The typical 

catalytic performance characteristics of V-P-O catalysts prepared by the VPA, VPO and 

VPD methods are summarized in Table 1.1.[12] All three V-P-O catalysts have a similar 

specific activity (even though they exhibit different activities and selectivities), which 

implies that the surface active structure of the activated catalysts prepared by these three 

standard preparation routes are rather similar.  



 

Figure 1.3 Typical morphologies found in the (a) VPA route
VPD route catalyst materials.
 
Table 1.1  Typical “benchmark’ catalytic performance data from the VPA, VPO and 
VPD route materials.[12] 

Preparation 
Route 

Conversion

VPA 

VPO 

VPD 

 

In consideration of the surface area as a key factor in determining the activity of 

the V-P-O catalysts, a number of novel approaches specifically aiming at preparing 

higher surface area V-P-O catalysts have been investigated. The first approach was to bal

mill the catalyst precursor before the 

VOHPO4·0.5H2O precursors in the presence of cyclohexane (solvent) and poly

hyroxystearic acid (dispersant) and prepared a high surface area V

Although the catalysts produced were particularly active under fuel

condition, they gave rise to a low MA selectivity. Later Ayub 

method by ball milling Bi promoted 

They found that the ball milling method can increase the specific 

unfortunately it also destroys the crystallinity of the activated catalyst and hence reduces 

a 
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Typical morphologies found in the (a) VPA route[12], (b) VPO
catalyst materials. 

Typical “benchmark’ catalytic performance data from the VPA, VPO and 

Conversion 
(%) 

Selectivity 
(%) 

Surface 
Area (m2g-1) 

Specific Activity
(mol MA m

11 51 4 1.24 x 10

27 52 14 1.35 x 10

62 64 43 1.19 x 10

In consideration of the surface area as a key factor in determining the activity of 

O catalysts, a number of novel approaches specifically aiming at preparing 

O catalysts have been investigated. The first approach was to bal

mill the catalyst precursor before the in-situ activation. Hutchings et al.

precursors in the presence of cyclohexane (solvent) and poly

hyroxystearic acid (dispersant) and prepared a high surface area V-P-O catalyst (40

Although the catalysts produced were particularly active under fuel

ve rise to a low MA selectivity. Later Ayub et al.
[20]

method by ball milling Bi promoted VOHPO4·0.5H2O in ethanol and air, respectively. 

They found that the ball milling method can increase the specific surface area, but 

unfortunately it also destroys the crystallinity of the activated catalyst and hence reduces 

b c 

 
VPO route and (c) 

Typical “benchmark’ catalytic performance data from the VPA, VPO and 

Specific Activity 
ol MA m-2h-1) 
1.24 x 10-5 

1.35 x 10-5 

1.19 x 10-5 

In consideration of the surface area as a key factor in determining the activity of 

O catalysts, a number of novel approaches specifically aiming at preparing 

O catalysts have been investigated. The first approach was to ball 

et al.
[19] ball milled 

precursors in the presence of cyclohexane (solvent) and poly-12-

O catalyst (40m2g-1). 

Although the catalysts produced were particularly active under fuel-rich reaction 

[20] tried a similar 

in ethanol and air, respectively. 

surface area, but 

unfortunately it also destroys the crystallinity of the activated catalyst and hence reduces 
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the MA yield. Recently Taufiq-Yap et al.
[21] reported that ball milling the 

VOHPO4·0.5H2O precursor produced from the VPD method can control the amount of 

oxygen species (O-) extracted from the V-P-O, which participate in the n-butane 

oxidation. They deduced that surface area of the V-P-O catalysts can be increased but a 

large amount of O- can reduce the conversion rate. 

The second approach that has widely been investigated is to disperse the active V-

P-O catalyst on a high surface area support material. Most of the methodologies tried in 

this respect have been unsuccessful, since the support seems to degrade the performance 

of the V-P-O catalyst.[22] In an early effort by Overbeek et al.[23], they supported V-P-O 

catalyst on TiO2 by depositing a mixture solution of vanadium ions and phosphate-ions 

onto TiO2. The V-P-O material generated was found to be amorphous, and the active 

phase interacted strongly with the TiO2 support. This supported V-P-O/TiO2 catalyst only 

showed a better activity at low temperatures (i.e. 200 °C) due to the higher number of 

oxygen atoms shared between vanadium and the TiO2 support. At high conversion levels 

(> 50%) the V-P-O/TiO2 catalyst had a low selectivity effectively making it useless. 

Many silica-based materials have tried as supports, which are purported to exhibit 

improved heat transfer characteristics, increased mechanical strength and a higher surface 

area-to-volume ratio of the active V-P-O component. The use of high surface area silica 

gels [24] and fumed silica [25] supports has also been investigated. In most cases, when 

compared to the unsupported (VO)2P2O7 crystals, the MA selectivity is severely impaired 

for these silica supported V-P-O materials.[24] Ledoux et al.
[26] made a breakthrough by 

supporting V-P-O on heat-conductive non-oxide ceramic materials (i.e. β-SiC, Si3N4 and 

BN). The β-SiC supported V-P-O materials in particular showed higher MA selectivity 
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and MA yield than unsupported V-P-O in a fixed bed reactor. This enhancement in 

catalytic performance was probably due to the fast heat transfer ability of the ceramic 

support which can avoid the formation of hot spots in the V-P-O, which if formed could 

further oxidize MA into CO and CO2.  

Another approach to generate a high surface area V-P-O catalyst is based on the 

fact that VOPO4·2H2O has a layer-type structure that can accommodate various type of 

organic molecules between layers. Kamiya and co-workers[27-30] have reported the 

intercalation and subsequent exfoliation of VOPO4·2H2O crystals using primary (e.g. 1-

butanol and ethanol) and secondary (e.g. 2-butanol) alcohols. The layer-type 

VOPO4·2H2O material was heated at a low temperature in the alcohol to generate 

exfoliated VOPO4·2H2O sheets, and then was reduced and fractured to yield a nanoscale 

VOHPO4·0.5H2O precursor. The nanocrystalline (VO)2P2O7 catalyst derived from this 

nanoscale precursor had a high surface area (>40 m2 g-1), and exhibited a MA selectivity 

of 78% as well as a conversion as high as 85%. [31] 

Some transition metal cations, when incorporated in the VOHPO4·0.5H2O 

material, have been found to promote the catalytic activity mainly by ensuring high 

surface area V-P-O catalysts are obtained.[32] These promoted catalysts were generated by 

adding transition metal salts with V2O5 in the first step of the VPA route. They can also 

be added through impregnating the VOHPO4·0.5H2O precursor with metal salts in a 

solvent using the incipient wetness approach. Most of the promoted V-P-O materials 

produced have exhibited a higher surface area as compared to the un-promoted V-P-O 

(Fig. 1.4). Many cation dopants were found to act as a structural promoter. For example, 

the addition of certain dopant cations (e.g. Zr, Cr and Zn) can prevent the formation of 
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deleterious phases, such as VO(H2PO4)2 that if present can lead to the surface area loss. It 

should be noted that the VO(H2PO4)2 phase is water soluble so it can be removed by 

water extraction. However, Mo, as a dopant in the (VO)2P2O7 phase, can significantly 

improve the specific activity of V-P-O catalysts, which is attributable to the electronic 

promoting effect. Due to the presence of Mo, it is easier for MA to desorb from the 

surface of V-P-O and/or for lattice oxygens to be inserted into the reaction 

intermediates.[32]  

 
Figure 1.4 Plot of the rate constant for the n-butane oxidation versus the surface area of 
the activated V-P-O. The open symbols represent non-promoted V-P-O and closed 
symbols represent promoted V-P-O. The doped V-P-O materials were prepared using the 
VPA route.[32]  
 

Another transition metal cation- Co is not considered to be the structural promoter 

as such. It can be introduced into the crystal lattice of the (VO)2P2O7 phase at low 

concentrations (1-5 at%) and has been found to increase the intrinsic activity of the doped 
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V-P-O catalyst through interacting with the possibly active disordered V-P-O phase.[33] A 

few other metal cations (e.g. Fe) can form a solid solution with (VO)2P2O7 in the form of 

((VO)xM1-x)2P2O7 where M is the metal dopant.[34,35] This solid solution was found to be 

active and selective for n-butane oxidation.[36] More details about the promoting effect of 

transition cations on the activated V-P-O catalysts, can be found in references [18,19,37]. 

1.2.3 Crystalline phases encountered in the preparation and activation stages of V-

P-O catalysts. 

During the preparation of V-P-O catalyst precursors and their subsequent 

activation under the reaction conditions, a number of different V-P-O phases can be 

formed. Many well characterized, crystalline vanadium phosphate phases have been 

identified whose structure and catalytic properties have now been well documented.[17][18] 

Some of the most widely studied components are the V5+ vanadyl orthophosphates (α-, β-, 

γ-, δ-, ε- and ω-VOPO4, VOPO4·H2O and VOPO4·2H2O), and the V4+ vanadyl hydrogen 

phosphates (VOHPO4·4H2O, VOHPO4·0.5H2O, VO(H2PO4)2), vanadyl pyrophosphate 

((VO)2P2O7) and vanadyl metaphosphate (VO(PO3)2).
[17] A Table summarizing the 

crystallographic and morphological data on some of these standard phases is shown in 

Table 1.2. It is worth mentioning that most V-P-O phases are sensitive to the electron 

beam and may be amorphosized within seconds. Amongst these V-P-O phases, the two 

most important phases, which will be encountered many times in this dissertation, are the 

VOHPO4·0.5H2O (V4+) and (VO)2P2O7 (V
4+) phases. 
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Table 1.2 Crystallographic and morphological data on standard V-P-O phases.[12] 
 

 
 

As can be seen from Table 1.2, the structural complexity of the V-P-O catalyst 

system is potentially very high, and the identification of each V-P-O phase using electron 

diffraction and X-ray diffraction is challenging. In view of this, an atlas of various 

standard V-P-O phases (e.g. VOPO4·2H2O, VOHPO4·0.5H2O, (VO)2P2O7, VO(PO3)2, 

VO(H2PO4)2, α-, β-, δ- and ω-VOPO4) has been built by Sajip.[18] In this atlas, the 

structural data as well as the simulated diffraction patterns (i.e. electron diffraction 

patterns and X-ray diffraction patterns) can be easily found, making it a very important 

reference database for the study of V-P-O materials. A typical example of an atlas entry 

for the VOHPO4·0.5H2O phase is shown in Figure 1.5. The atomic model and electron 

diffraction patterns were generated using CaRine software (v3.1). The VOHPO4·0.5H2O 

phase is composed of VOPO4 sheets that are connected along the [001] direction through 
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interlayer water molecules. Each VOPO4 sheet consists of pairs of face sharing VO6 

octahedra that are interlinked by PO4 tetrahedra as shown in Figure 1.5(a).[15,38,39]  

  
 
Figure 1.5 (a) Atomic model of VOHPO4·0.5H2O viewed along the [001] projection and 
(b) simulated and indexed electron diffraction patterns of the [001] projection of 
VOHPO4·0.5H2O. (Brown octahedra represent VO6 octahedra; Yellow tetrahedra 
represent PO4 tetrahedra.)[18] 
 

1.2.4 Determination of the active phase and the surface composition in the V-P-O 

catalyst system 

Various structures and polymorphs are observed in the V-P-O catalyst system, 

which can show different selectivities and activities for n-butane oxidation to MA. This 

makes the determination of the active phase in V-P-O catalyst system rather complicated. 

Most research groups now agree that (VO)2P2O7 is the most selective and active phase 

amongst the various V-P-O phases. Both Shimoda et al.
[7] and Sananes et al.

[8] claimed 

that V-P-O catalysts composed of pure (VO)2P2O7 exhibit far superior catalytic 

performances than other V-P-O phases (e.g. VO(H2PO4)2 and VOPO4 polymorphs). 

Guliants et al.
[40] agreed, stating that (VO)2P2O7 with a degree of stacking order is the 

most active phase. Later Guliants et al.
[41] showed that the (100) basal plane of the 

(VO)2P2O7 (V
4+) structure is the most active plane for n-butane oxidation. However Volta 
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et al.[9] believed that the presence of some V5+ ions on the surface of V-P-O is closely 

related to its catalytic performance. The importance of V5+ species for the n-butane 

oxidation by V-P-O catalysts is further supported by Aїt-Lachgar et al.,[42] who observed 

an increase of the selectivity to MA with oxidation time for (VO)2P2O7, and attributed 

this improved selectivity to the presence of the bulk V4+ and surface V5+
 species, which 

cause structural defects in (VO)2P2O7. These V5+
 species could be crucial for the insertion 

of oxygen into n-butane and the formation of MA. Zhanglin et al.[43] pointed out that the 

best V-P-O catalyst is composed of a small number of V5+ ions that are contained in the 

(100) plane of (VO)2P2O7. Using in-situ Raman spectroscopy Hutchings et al.[44] 

proposed that a mixture of V4+ and V5+ phases in V-P-O is beneficial for its catalytic 

performance. However the exact mechanism for this is not well understood. Koyano et 

al.[45] suggested that the δ-VOPO4 phase can participate in the surface redox reaction of 

(VO)2P2O7 during n-butane oxidation. Actually both the γ- and δ-VOPO4 phases were 

found to be catalytically active for the oxidation of n-butane to MA, but the particular 

polymorphs however are rarely present in the V-P-O catalysts after being activated and 

used for hundreds of hours.[46,47] Both Ebner et al.[48] and Hutchings et al.[14] proposed 

that a redox couple composed of V4+/V5+ can be formed on the surface of V-P-O 

crystallites. Hutchings and co-workers[14] further concluded that this V4+/V5+ couple is the 

active center for the selective oxidation of n-butane to maleic anhydride, which can be 

found on a range of V-P-O materials produced by either the VPA, VPO or VPD route.  

However Gai et al.[49] have proposed that the O2- anion vacancies on the surface 

of (VO)2P2O7, which are formed under fuel rich conditions (e.g. n-butane only) could be 

the active site for the n-butane oxidation. Using TEM Schlögl et al.[50] observed that a 
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thin surface adlayer of amorphous material is always present on both the prismatic edges 

and basal planes of active (VO)2P2O7 materials. This thin nanoscale amorphous adlayer 

was believed to be the termination of the (VO)2P2O7 crystallites and a good candidate for 

the localization of the active sites. The existence of such an amorphous adlayer was first 

inferred by Hutchings et al.[44] using in-situ Raman spectroscopy during the pre-treatment 

of the catalyst precursor. This amorphous layer existing on the surface of the active 

crystalline (VO)2P2O7 phase has since been observed in many other TEM studies.[51] In 

light of the observation that the active component is possibly an amorphous vanadium 

phosphate phase, Hutchings et al.[52] synthesized a completely amorphous vanadium 

phosphate material by adding supercritical CO2 as an antisolvent into the vanadium 

phosphate/alcohol solution. The prepared catalyst consisted of discrete amorphous 

spherical particles which showed no crystalline features (i.e. diffraction contrast, lattice 

fringes etc.). When tested as catalysts for n-butane oxidation, this amorphous vanadium 

phosphate catalyst does not require an activation period to achieve the steady state 

performance and shows a higher intrinsic activity as compared to the standard V-P-O 

materials. Unlike the standard V-P-O catalysts, the amorphous V-P-O materials remained 

wholly amorphous during the activation and had a low surface area of 4 m2g-1. However 

other research groups (e.g. Wachs et al.[41]) claimed that a V-P-O catalyst with better 

selectivity and steady-state performance can be obtained if this amorphous layer is 

removed or re-crystallized. 

Another important factor that is closely related to the catalytic behavior of the 

produced (VO)2P2O7 catalyst is the surface P/V ratio. Aided by X-ray photoelectron 

spectroscopy (XPS) and low-energy ion scattering (LEIS), both of which are surface 
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sensitive analysis techniques, researchers were able to reveal the surface composition of 

the working (VO)2P2O7 catalyst. Although the stoichiometric P/V ratio should be unity in 

(VO)2P2O7, most of the surface studies have shown that there is a surface P enrichment in 

(VO)2P2O7. In an early study performed by Garbassi et al.,[53] it was found that the 

specific conversion increases by an order of magnitude when the P/V ratio is slightly over 

1. Such an excess in P does not result in structural changes and could delay the over-

oxidation of V4+. Later Harrouch Batis et al.[46] reported a surface P/V ratio as high as 3 

in the catalyst, whereas the catalytic performance was found to drop after the P/V ratio 

exceeds 2.3. Delichère et al.[54] measured the surface of working (VO)2P2O7 catalysts 

using XPS and LEIS, and reported that the surface P/V ratio is within the range of 1.5-1.9. 

They further pointed out that such a high P/V ratio could be due to the possible covering 

of the surface V dimers by carbonaceous species or the presence of V vacancies within 

the surface amorphous layer. In order to avoid such carbonaceous species, Jansen et al.[55] 

generated a (VO)2P2O7 material using the aqueous VPA route and applied a surface 

cleaning process before the LEIS experiment. They observed that only 15% of surface P 

and V atoms can be detected by LEIS before cleaning, which indicates that most of the 

surface is covered by some carbonaceous species. They also detected a P/V ratio of 2 on 

the surface, which was attributed to the possible presence of αII-VOPO4 with (VO)2P2O7. 

This finding is consistent with the previous claim that the a V4+/V5+ couple is the active 

site in this catalyst system.  
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1.2.5 The VOHPO4·0.5H2O to (VO)2P2O7 phase transformation 

During the preparation and activation of V-P-O catalysts, various V-P-O phases 

can be formed or transformed from other V-P-O phases. Basically two different types of 

phase transformation can occur. Type I transformations occur between phases of two 

different vanadium valence states whereas type II transformations occur between phases 

having the same vanadium valence state. The type I transformations often occur in a 

reducing or oxidizing environment. A typical example is the phase transformation of 

VOPO4·2H2O (V5+) to VOHPO4·0.5H2O (V4+) by the reducing agent in the VPD route.[12] 

Also VOHPO4·0.5H2O can be transformed into V5+ phases, for example the thermal 

dehydration of VOHPO4·0.5H2O in air above 350 °C can form δ-VOPO4.
[56] A typical 

type II transformation occurs when VOHPO4·0.5H2O (V4+) is converted to (VO)2P2O7 

(V4+) during the activation process,[6,15,38] which is probably the most important phase 

transformation in the V-P-O catalyst system. It describes how the active (VO)2P2O7 phase 

is produced from the VOHPO4·0.5H2O precursor. 

The majority of researchers agree that VOHPO4·0.5H2O transform topotactically 

to (VO)2P2O7. Johnson et al.[15] and Bordes et al.[38] noted that the structure of 

VOHPO4·0.5H2O is closely related to that of (VO)2P2O7, whereby the ab plane of 

VOHPO4·0.5H2O is topologically similar to the bc plane of (VO)2P2O7. Recognizing the 

similarity they suggested that a topotactic transformation could occur between the two 

phases. Using a combination of characterization techniques (i.e. XRD, Raman 

spectroscopy, XPS and 31P NMR), Volta et al.[9] studied the activation of the 

VOHPO4·0.5H2O precursor, and observed two parallel transformation routes occurring in 

this activation, namely (i) the oxidation of VOHPO4·0.5H2O to VOPO4 phases (αΙΙ-, γ- 
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and δ-VOPO4) and the subsequent reduction to (VO)2P2O7 and (ii) the direct dehydration 

of VOHPO4·0.5H2O to (VO)2P2O7. This finding was corroborated by Kiely et al.[6] using 

electron microscopy techniques on a series of V-P-O precursors activated for different 

time periods. They detected that in the interior of the platelet, VOHPO4·0.5H2O first 

transformed to δ-VOPO4 embedded in a disordered matrix and then subsequently 

transformed to the final active (VO)2P2O7 phase. They also observed a direct topotactic 

transformation from [001] VOHPO4·0.5H2O (Fig. 1.6(a)) to [100] (VO)2P2O7 (Fig. 1.6(c)) 

occurring at the periphery of the platelet.  

 
Figure 1.6 Schematic diagrams of (a) the [001] projection of the VOHPO4·0.5H2O phase, 
(b) a projection close to the (100) direction of VOHPO4·0.5H2O showing the interlayer 
water molecules, (c) the [001] projection of the (VO)2P2O7 phase and (d) a projection 
close to the (021) direction of (VO)2P2O7.

[6]  
 

a 

d c 

b 
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The topotactic phase transformation process can be visualized as face-sharing 

VO6 octahedra in VOHPO4·0.5H2O become edge-sharing and then the escape of 

interlayer water molecules from the structure leads to the collapse of the 

VOHPO4·0.5H2O structure. After some re-orientation of the VO6 octahedra and PO4 

tetrahedra, the (VO)2P2O7 structure is produced. The epitaxial orientation relationship 

between the VOHPO4·0.5H2O and (VO)2P2O7 phase is shown below, 

[001]VOHPO4·0.5H2O  // [100](VO)2P2O7 

[010]VOHPO4·0.5H2O  // [010](VO)2P2O7 

Such an epitaxial relationship was also corroborated by Duvauchelle et al.
[57] who heated 

the VOHPO4·0.5H2O precursor in a flow of N2 gas at various temperatures for different 

time periods. They also proposed such relationship. Recently Imai et al.
[58] reported that 

nano-sized VOHPO4·0.5H2O crystallites can be transformed into nanocrystalline 

(VO)2P2O7 via an amorphous intermediate in a 1.5% n-butane/17% O2/81.5% He reaction 

environment. No VOPO4 phases were formed during this transformation, which was 

attributed to the small size of the VOHPO4·0.5H2O crystallites resulting in a more 

uniform dehydration process. 

 Another important phase transformation is that of VOPO4·2H2O to 

VOHPO4·0.5H2O which occurs in the VPD route. Unfortunately, this particular 

transformation has not been well studied. O’Mahony et al.[59,60] used in-situ XRD and ex-

situ XPS to monitor the formation of VOHPO4·0.5H2O produced by the reaction of V2O5 

and H3PO4 (i.e. the VPO route). They observed that VOPO4·2H2O and VOPO4·H2O 

phases are formed at short reaction times and subsequently transformed into 

VOHPO4·0.5H2O. They did not however propose a detailed structural mechanism for the 
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phase transformation of VOPO4·2H2O to VOHPO4·0.5H2O. In section 4.4 of this thesis, 

this particular phase transformation will be discussed in some detail. 

1.2.6 Comments on the reaction mechanism of the selective oxidation of n-butane 

to maleic anhydride over V-P-O catalysts  

Previously in section 1.2.1 it was noted that the n-butane oxidation over V-P-O 

follows a Mars-van-Krevelen mechanism. However this is only one part of this 

complicated story. The other aspect is how the n-butane gets oxidized into maleic 

anhydride through the coordinated abstraction of 8 H atoms and insertion of 3 O atoms 

during the reaction cycle. A variety of reaction mechanisms have been proposed, such as 

the redox couple mechanism suggested by Centi et al.,[61] the consecutive alkoxide route 

proposed by Zhanglin et al.,[43] and the redox Langmuir-Hinshelwood model suggested 

by Bej and Rao[62]. One of the most plausible reaction mechanisms for the selective 

oxidation of n-butane is the consecutive alkenyl mechanism, which has been proposed 

and modified by many research groups.[11,63,64][65][66][67] A schematic diagram of this 

reaction mechanism is shown in Figure 1.7.[65] Starting from the n-butane, intermediates 

such as 1-butene, 1-3 butadiene, dihydrofuran and asymmetric lactone are formed 

consecutively, and the MA is produced in the final step.  However the exact reaction 

mechanism for n-butane oxidation is still an open issue due to its complexity. It will not 

be discussed in detail here, but the interested readers can get more details concerning the 

reaction mechanism of n-butane oxidation to MA in references. [11,63,64][65][66][67]  
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Figure 1.7 The consecutive alkenyl mechanism for the selective oxidation of n-butane to 
maleic anhydride proposed by Cleaves et al.

[37,65] 
 
 In this thesis, two chapters (i.e. Chapters 4 and 5) will be focused on the study of 

the V-P-O catalyst system. Specifically Chapter 4 aims for obtaining a better 

understanding of the VPD route, while Chapter 5 will discuss some novel preparation 

routes for the synthesis of the VOHPO4·0.5H2O precursor. Further details about the study 

to be performed on V-P-O system can be found in section 1.5. 

1.3 Niobium phosphate (Nb-P-O) catalyst system 

Vanadium phosphate (V-P-O) materials are known to be effective catalysts for the 

selective oxidation of n-butane to maleic anhydride and have been used commercially 

since 1960’s for the production of maleic anhydride worldwide[68]. They represent the 

most well studied heterogeneous complex oxide catalyst. Thousands of articles have been 

published regarding their preparation routes, the nature of the active vanadium phosphate 

phase and their reaction mechanisms. In recent years niobium phosphates, where niobium 

is in the same periodic table group (VA) as vanadium, are beginning to receive some 

n-butane 1-butane 1-3 butadiene 

dihydrofuran asymmetric lactone maleic anhydride 
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attention from academic researchers. It is well known that niobium phosphate presents 

similar acidic and catalytic characteristics to niobium oxide, the latter of which has been 

widely used as a solid acid catalyst due to its strong surface acidity.[69,70] Although 

niobium oxide has been studied by many researchers in the last 20 years, its related 

niobium compound - niobium phosphate has received relatively little attention. In 

consideration of the Nb-P-O’s close relationship with two well studied catalysts, i.e. V-P-

O and niobium oxide, Nb-P-O materials will be the studied material in this part of the 

project. A brief review concerning the catalytic applications, the crystalline phases of Nb-

P-O and its potential catalytic ability for the oxidative dehydrogenation of ethane to 

ethylene is presented below.   

1.3.1 General catalytic applications of Nb-P-O materials 

A couple of catalytic applications of niobium phosphates have been assessed, 

whereas the structural and compositional changes that occur when they are used as 

catalysts are still not well understood [71,72]. Niobium phosphate (Nb-P-O) materials can 

serve as catalyst components for many reactions. For instance de Farias et al. [71] prepared 

V-Nb-P-O by doping vanadium phosphates with Nb. The resultant complex oxides show 

an enhanced n-butane conversion to maleic anhydride. By supporting CuO on NbOPO4, 

Gervasini et al. [72] found that this catalyst formulation had enhanced reaction selectivity 

for N2O decomposition. Mixing niobium phosphate with CuZnO/Al2O3 can greatly 

improve the conversion of dimethoxymethane to H2 with high selectivity [73]. Recently 

Carniti et al. [74,75] have studied the intrinsic and effective surface acidity of niobium 

phosphates and found that they could be used as effective catalysts for the fructose 
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dehydration reaction. Rocha et al.
[76] used niobium phosphates as catalysts in the 

alkylation of anisole with benzyl alcohol. Some important applications documented so far 

of the usef of Nb-P-O as catalyst materials are summarized in Table 1.3. In these studies, 

the Nb-P-O materials were mostly prepared by mixing Nb2O5 or NbCl5 with H3PO4. The 

catalytic activity of Nb-P-O is primarily attributable to its surface acidity (i.e. the 

presence of Brönsted and/or Lewis acid sites on the surface), which accept electrons that 

are formed during the catalytic reaction cycle.[77] A Brönsted acid is an acid that donates 

protons (H+ ions) (which is also known as a proton donor), whereas a Lewis acid is an 

electron acceptor.  

Table 1.3 Catalytic applications of Nb-P-O materials 

Catalyst precursor Catalytic reaction 
Nb-P-O 
crystal 

structure 

Electron 
microscopy 

studies 

Ref. 
# 

V-Nb-P-O 
selective oxidation 

of n-butane 
unknown 

SEM and 
BF-TEM 

[71] 

CuO/ NbOPO4 
decomposition of 

N2O 
amorphous SEM [72] 

CuZnO/Al2O3/Nb-P-O 
dimethoxymethane 

� H2 + 
hydrocarbons 

amorphous BF-TEM [73] 

NbOPO4 
dehydration of 

fructose 
amorphous 

none 
attempted 

[74,75] 

NbOPO4·nH2O 
alkylation of 

anisole 
triclinic 

none 
attempted 

[76] 

[Nb1.0(PO4)1.0](HPO4)0.13Cl0.74 
 

hydroxylation of 
phenol 

hexagonal BF-TEM [78] 

NbO(O2)0.5PO4·2H2O 
benzylation of 

aromatic 
compounds 

tetragonal 
none 

attempted 
[79] 

Nb-P-O 
hydroxylation of 1-

naphthol 
hexagonal BF-TEM [80] 
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1.3.2 Preparation of Nb-P-O materials 

Most of the Nb-P-O materials used for catalytic applications have been as-

received commercial products. The physic-chemical properties of niobium phosphate 

(NBP) as well as niobium oxide (NBO) supplied by CBMM (Companhia Brasileira De 

Metalurgia e Mineracao) are presented in Table 1.4.[74,75] Rocha et al.[76] prepared 

niobium phosphate materials using different methods and tested their catalytic activity in 

the alkylation of anisole with benzyl alcohol. Four Nb-P-O materials were produced by 

these authors,[76] namely (i) a commercial calcined Nb-P-O material, (ii) a commercial 

recrystallized Nb-P-O material, (iii) a crystalline Nb-P-O material synthesized by 

reacting niobic acid with HF and H3PO4 and (iv) a microporous Nb-P-O material 

generated by mixing NbCl5 with H3PO4 and n-hexadecylamine[78]. Among them the 

microporous Nb-P-O material exhibited the best catalytic activity which they attributed to 

its large surface area and a high density of surface Brønsted acid sites. Da Silva et al.
[81] 

synthesized a crystalline layer type hydrated niobium phosphate through the reaction of 

orthophosphoric acid and potassium niobate. The resultant NbOPO4·0.4H3PO4·1.0H2O 

material had a triclinic structure. After being calcined at temperatures as high as 1000 °C, 

the NbOPO4·0.4H3PO4·1.0H2O phase transformed to the tetragonal α-NbOPO4 phase.  

Table 1.4 Physicochemical properties of niobium phosphate and niobium oxide supplied 
by CBMM [74,75] 
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1.3.3 Crystalline phases encountered in the preparation and activation stages of 

Nb-P-O catalysts 

Most of the commercial Nb-P-O materials exist in amorphous state as shown in 

Table 1.4, which could be transformed into a triclinic structure after recrystallization.[76] 

A number of different crystalline Nb-P-O phases are known to exist such as α-NbOPO4 

[82], NbPO5 
[83], NbP2O7 

[84], Nb1.91(PO4)2.82O0.72 
[85]. These may form during the precursor 

preparation stage, precursor activation, or even during the oxidative dehydrogenation 

reaction. A typical example for α-NbOPO4 is shown in Figure 1.8, which includes an 

experimentally determined structure (Fig. 1.8(a)), an atomic model built by CaRIne (Fig. 

1.8(b)) and the simulated and indexed electron diffraction pattern rendered by CaRIne 

(Fig. 1.8(c)).  

   
Figure 1.8 Schematic diagram of α-NbOPO4 showing (a) interlinked PO4 tetrahedra and 
NbO6 octahedra viewed along the [001] direction (taken from [86]; small squares represent 
PO4 tetrahedra and larger squares represent NbO6 octahedra.); (b) the simulated atomic 
model viewed along the [001] direction (yellow circles represent Nb atoms; red circles 
represent P atoms and grey circles represent O atoms.); and (c) the simulated and indexed 
electron diffraction pattern of the [001] projection of α-NbOPO4. 
 

Amos et al.[86] determined the crystal structure of α-NbOPO4 using X-ray powder 

diffraction and neutron powder diffraction. The α-NbOPO4 has a tetragonal symmetry in 

space group P4/nmm with a = 6.4043 Å and c = 4.1217 Å. The structure consists of 
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chains of corner-sharing NbO6 octahedra along the c axis while these chains are 

interlinked by PO4 tetrahedra as shown in Figure 1.8(a). The atomic model (Fig. 1.8(b)) 

and the electron diffraction patterns (Fig. 1.8(c)) match well with the experimental data.  

1.3.4 Oxidative dehydrogenation of ethane to ethylene over Nb-P-O catalysts 

In this project two specific catalytic applications of Nb-P-O materials will be 

discussed, namely (i) the oxidative dehydrogenation (ODH) of ethane to ethylene and (ii) 

the methanol oxidation. Ethylene (C2H4) is one of the most important chemical building 

blocks, and it ranks as the highest worldwide volume organic chemical produced.[87] 

Current olefin demand is achieved commercially through steam cracking of hydrocarbons, 

mainly naphtha and ethane (C2H6).
[88] Oxidative dehydrogenation (ODH) is a process that 

potentially offers both energy and economic advantages over traditional cracking 

technologies. However, before the ethane oxidative dehydrogenation,  

C2H6 + O � C2H4 + H2O              (1.8) 

can be considered as a viable alternative process, catalysts producing high ethylene yields 

need to be developed. 

In recent years there has been an increased research effort to identify new 

catalysts for the oxidative dehydrogenation of ethane. In some cases higher yields to 

ethylene than those obtained by steam cracking have been achieved.[89] However, 

ethylene manufacturers have been reluctant to adopt the ODH process, and currently 

there are no commercial plants using the approach. This is most likely due to the 

familiarity and trust in the tried and tested steam cracking process. Therefore, if catalytic 
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ODH is to become a viable competing route for ethylene production, the identification 

and development of improved catalysts is required. 

Vanadium oxide based catalysts have been considered for many years the 

catalysts of choice for the oxidative dehydrogenation of ethane to ethylene.[90,91] However, 

some mixed metal oxide catalysts containing niobium, in combination with a range of 

other elements, have shown promising performance for ethane ODH. Oxides of Mo-V-

Nb,[92] Mo-V-Te-Nb,[93] and Ni-Nb[94] demonstrate higher selectivity to ethylene and 

operate at lower temperatures than conventional supported vanadium oxide catalysts. As 

long ago as 1978, Thorsteinson and co-workers[92] reported that mixed molybdenum 

vanadium oxide catalysts containing niobium could activate ethane very selectively 

towards ethylene. Many years later Mo-V-Te-Nb oxide catalysts[93] were developed and 

showed even better catalytic performance, and are, to date, the catalytic system with the 

highest yield to ethylene reported.[89] Mo-V-Te-Nb oxide catalysts are characterized by 

the presence of an active and selective crystalline phase, i.e. the orthorhombic Te2M20O57 

(M = Mo, V, Nb), the so-called M1 phase.[95,96] The M1 structure can be formed in the 

absence of Nb, but the presence of Nb greatly improves the catalytic performance. 

Although an explanation for the promotional effect is still not clear, it is possible that the 

acid character of Nb can favor the desorption of both ethane and ethylene from the 

surface of the catalysts, thus decreasing the consecutive over-oxidation to CO2.
[97] 

Furthermore, mixed nickel niobium oxide catalysts have also shown promising ODH 

catalytic activity.[94,98] Nickel oxide alone is very reactive and it activates ethane at very 

low temperatures, but produces CO2 with high selectivity. However, the incorporation of 

niobium favors the formation of a Ni-Nb-O solid solution, which is very efficient for 
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oxidative dehydrogenation of ethane, and significantly reduces the formation of CO2. 

Hence, it was proposed that the addition of niobium oxide to nickel oxide eliminates the 

unselective electrophyllic O species.[94,98] Although the presence of niobium in the former 

materials is very important, niobium oxide alone shows low activity, and apparently 

needs an accompanying element, such as vanadium, molybdenum or nickel to activate the 

alkane. 

The majority of catalysts used for ethane ODH, and the ODH of other alkanes, are 

based on metal oxides. However, some of the most successfully exploited selective 

alkane oxidation catalysts are vanadium phosphates, which are used commercially for the 

selective oxidation of butane to maleic anhydride.[12,17] The role of phosphorus for n-

butane selective oxidation is crucial, and it has also been demonstrated that it is important 

for alkane oxidative dehydrogenation. The addition of phosphorus has improved the 

ODH performance for ethane to ethylene using molybdenum oxide based catalysts,[99] 

and propane to propylene on vanadium oxide based catalysts.[100] Matsuura and 

Kimura[101] have also studied a range of metal phosphate catalysts for the selective 

oxidation of propane to propylene. They studied several M5+OPO4 phases and 

interestingly NbOPO4 was reported to be active and relatively selective towards 

propylene. Against this background, it is surprising that niobium phosphates have not 

been more widely investigated as catalysts, especially considering the importance of 

niobium and phosphorus for the ODH of ethane and propane. Furthermore, niobium 

phosphates have a range of properties and structures that are considered desirable for 

selective oxidation catalysts. In Chapter 6 of this thesis we will address some of these 
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deficiencies and study three niobium phosphate materials. Their relative activities for the 

selective oxidative dehydrogenation of ethane to ethylene will also be determined. 

1.4 Iron molybdate (Fe-Mo-O) catalyst system 

1.4.1 The oxidation of methanol to formaldehyde over Fe-Mo-O catalysts 

Formaldehyde, H2C=O is one of the most important basic chemicals, and is used 

to produce a large number of industrial and consumer products. Large volumes of 

formaldehyde are employed to make resins with urea, phenol and melamine.[102] Two 

processes are generally used in the industry to produce formaldehyde, which are referred 

as to the silver and iron molybdate process, respectively. In comparison with catalysis 

over Ag,[103,104] the oxidation of methanol over iron molybdate[105-107] is carried out at 

lower temperatures, so the catalyst is less sensitive to contamination by normal methanol 

impurities. It also provides a superior yield to formaldehyde which can be as high as 

90%.[107] So, although currently both processes account for roughly an equal fraction of 

the total formaldehyde produced, it is clear that most of the new capacity that is being 

brought into operation will be based on the iron molybdate oxide process. 

The bulk iron molybdate (Fe-Mo-O) catalyst was first reported to be active and 

selective for the oxidation of methanol to formaldehyde in 1931,[108] and began to be 

employed as commercial catalyst to this process in the 1950’s.[109] Two stoichiometric 

iron molybdate phases, namely ferric molybdate (Fe2(MoO4)3) and ferrous molybdate 

(FeMoO4) are normally found in the catalyst.[107] The former phase is usually effective 

for the oxidation of methanol to formaldehyde, whereas the latter phase is normally found 

in used catalysts due to its generation during the redox process. Herein unless stated in 
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the context, the iron molybdate catalyst is referred as the ferric molybdate phase 

(Fe2(MoO4)3). The commercial iron molybdate catalyst is composed of two crystal phases, 

i.e. Fe2(MoO4)3 and excess MoO3.
[106,107] It is believed both Fe2(MoO4)3 and excess 

MoO3 are essential for the Fe-Mo-O catalyst in order to obtain good catalytic activity, 

selectivity and be long-lasting.[107]  

1.4.2 Preparation of Fe-Mo-O catalysts 

Iron molybdate catalysts are mainly prepared by the co-precipitation method in 

aqueous solution. By reacting ferrous malate, ammonium molybdate and ammonium 

hydroxide solutions with steel balls, in 1931 Adkins and Peterson[108] prepared the iron-

molybdenum oxide catalyst and found that it was active and selective to the oxidation of 

methanol to formaldehyde. Kerr et al.[110] prepared iron molybdate in 1963 using the co-

precipitation method in which sodium molybdate and ferric chloride solutions were 

mixed. In order to avoid sodium and chlorine contamination, most other researchers have 

generated iron molybdate catalysts by reacting ferric nitrate and ammonium 

heptamolybdate solutions.[111-113] There are some other reports[114,115] regarding the 

preparation of iron molybdate catalysts from iron chloride and ammonium 

heptamolybdate solutions, which is also used in the production of the industrial catalyst. 

A number of variables were found to have an influence on the catalytic performance of 

the generated iron molybdate catalysts from the precipitation method, such as the pH 

value of the mixed solution,[114] the Mo/Fe atomic ratio of the catalyst[116] and the 

calcination conditions (i.e. calcination temperature and calcination time)[117] for the co-

precipitated iron molybdates. 
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There are other preparation methods reported in the literature besides the co-

precipitation method. Soares et al.[118] prepared iron molybdate catalysts by the sol-gel 

method. A sol mixture of Fe precursor solution and Mo precursor solution in organic acid 

medium was heated and the formed gel was then calcined with and without air, 

respectively. The Fe-Mo-O catalyst generated showed a higher surface area than those 

produced by the co-precipitation method. Li et al.[119] compared the preparation of Fe-

Mo-O from dry mixing of Fe(NO)3·9H2O and (NH4)6Mo7O24·4H2O salts and wet mixing 

of the same salt dissolved in water, respectively. They found that the wet mixing provides 

a better catalyst in terms of reactivity, reproducibility and thermal stability.  

It should be noted that the Fe-Mo-O catalysts described above are unsupported, 

which makes them only suitable for fixed bed reactors. In order to minimize the hot spots, 

fluidized bed reactors are normally used, which requires that the catalysts are 

mechanically resistant. In order to achieve a higher mechanical resistance to abrasion, Fe-

Mo-O catalysts have been deposited onto supports (e.g. SiO2 or Al2O3). However these 

supported Fe-Mo-O catalysts are found to be less active than the unsupported ones, which 

could be due to strong interactions between the support and the active component.[120] 

Caiarati et al.[121] reported that the electronic properties of iron components in Fe-Mo-O 

catalysts were changed after deposition on SiO2 supports. There are studies[122] showing 

that when the support surface area is increased the supported catalysts exhibit a lower 

catalytic activity, which was more dramatic on Al2O3 supports as compared to SiO2 

supports. This effect could be related to the formation of Anderson-type 

[Al(OH)6Mo6O18]
3- ions from the interaction between Mo solution and Al2O3 support 

which could give rise an Fe rich surface in Fe-Mo-O catalysts.[122] 
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1.4.3 Fe-Mo-O crystalline phases encountered in the preparation and the methanol 

oxidation 

Usually ferric molybdates (Fe2(MoO4)3) and ferrous molybdates (FeMoO4) are 

observed in Fe-Mo-O catalysts. Ferric molybdates (Fe2(MoO4)3), which is believed to be 

the active component, was structurally characterized by Plyasova et al.[123] in 1966. They 

found that it contained eight Fe2(MoO4)3 molecules in a unit cell having the monoclinic 

structure (space group: P21/a), in which Fe octahedra and Mo tetrahedra share corners. 

This structure was further refined by Rapposch et al.[124] by comparing the crystalline 

structure of Fe2(MoO4)3 to that of Sc2(WO4)3. It was found that the monoclinic 

Fe2(MoO4)3 has the space group P21 with a = 15.693 (3) Å, b = 9.235 (1) Å, c = 18.218 

(4) Å and β = 125.21 (1) °. Each unit cell was composed of sixteen FeO6 octahedra with a 

average Fe-O distance at 1.992 Å and twenty four MoO4 tetrahedra with an overall 

average Mo-O distance at 1.756 Å (see Figure 1.9(a)). Each pair of FeO6 octahedra and 

MoO4 tetrahedra are interlinked by one oxygen atom, which results in a open structure 

where the nearest Fe-Fe distance at 5.03 Å. The 3D atomic model of monoclinic 

Fe2(MoO4)3, as well as the simulated and indexed electron diffraction patterns of the [100] 

projection of monoclinic Fe2(MoO4)3 are shown in Figures 1.9(a) and (b), respectively. 
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Figure 1.9 (a) 3D atomic model[124] of monoclinic Fe2(MoO4)3 showing chains (A and B) 
and two cavities (S and T) and (b) the simulated and indexed electron diffraction patterns 
of the [100] projection of monoclinic Fe2(MoO4)3. 
 
 Ferrous molybdates have been found to exist in three different forms, namely α-

FeMoO4, β-FeMoO4 and FeMoO4-II by magnetic susceptibility, Mössbauer effect and 

XRD studies.[125] α-FeMoO4, which is a low temperature and low pressure phase, is iso-

structural with the low temperature NiMoO4 and CoMoO4 phases. β-FeMoO4, which is a 

high temperature and low pressure phase, is iso-structural with α-MnMoO4. FeMoO4-II, 

which is a high pressure phase, can be represented by a triclinic distortion of the 

monoclinic NiMoO4-type structure.[125] 

1.4.4 Active sites in the Fe-Mo-O catalysts for the oxidation of methanol to 

formaldehyde 

There is still much discussion regarding the nature of the active site for the 

oxidation of methanol to formaldehyde, although it does appear that Mo plays an 

important role in the catalysis.[107] Different explanations for this have been presented in 

the literature. One general consensus is that the coexistence of both the Fe2(MoO4)3 and 
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MoO3 phases are necessary for a good catalyst. One popular explanation is that 

Fe2(MoO4)3 is the active phase[126,127] while MoO3 is required to ensure that iron rich 

phase is not formed on the surface.[128,129] Temperature programmed desorption (TPD) of 

methanol from stoichiometric bulk iron molybdate catalysts found that bulk Fe2(MoO4)3 

is 2-4 times more active than bulk MoO3 for formaldehyde formation.[130] Physiochemical 

characterization shows that excess Mo brings about an increase in the surface area. On 

the other hand, excess Mo does not result in significant changes in the activity for 

methanol oxidation per unit surface area.[106] This provides convincing evidence that 

Fe2(MoO4)3 is indeed the active phase of the catalyst. Catalysts with excess Mo tend to 

have a higher selectivity for HCHO and a reduction in selectivity to dimethyl ether. This 

is attributed to larger oxygen availability at the catalyst surface and the enhancement of 

the oxidation potential of the catalyst.[106] More recently, Söderhjelm et al.[131] reported 

that a synergy effect is observed in the catalysts having a mixture of MoO3 and 

Fe2(MoO4)3 crystalline phases. They proposed that the active structure may be an 

amorphous overlayer with a higher Mo/Fe ratio as compared to the bulk catalyst, in 

which Mo is in octahedral coordination on the surface of the crystalline iron molybdate.   

Routray et al.[132] studied the oxidation of methanol to formaldehyde on MoO3, 

Fe2O3, Fe2(MoO4)3, MoO3/ Fe2(MoO4)3 and a model supported MoO3/Fe2O3 catalyst in 

order to understand the origin of the enhanced catalytic performance of bulk iron 

molybdate catalysts with excess crystalline MoO3. They attributed the enhanced catalytic 

performance to the formation of a surface MoOx monolayer on the bulk Fe2(MoO4)3 

phase and proposed that the catalytically active phase is in fact a surface MoOx 

monolayer supported on the Fe2(MoO4)3 bulk. The excess MoO3 in the Fe-Mo-O 
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catalysts is required to balance the loss of MoOx from the surface. Recently House et 

al.[116] examined the oxidation of methanol to formaldehyde over bulk iron molybdate 

catalysts as a function of Mo/Fe ratios in the range of 0.02 to 4. They found that Mo/Fe 

ratios greater than 1.5 are required for higher catalytic activity and selectivity. And they 

also reached a similar conclusion in that the excess crystalline MoO3 is required mainly 

to replenish any surface molybdenum oxide that is volatilized during methanol oxidation 

at high temperatures.  

1.4.5 Comments on the reaction mechanism for the oxidation of methanol to 

formaldehyde on Fe-Mo-O catalysts 

 It is widely accepted that the oxidation of methanol to formaldehyde on Fe-Mo-O 

catalysts is a surface redox process, which follows a Mars-van Krevelen type reaction 

mechanism. Bowker et al.[128] presented a detailed kinetic study on this reaction over 

three different oxide catalysts, namely iron molybdate (Fe-Mo-O), Fe2O3 and MoO3 and 

found that only CO2 and H2 were formed on Fe2O3 indicating that a formate intermediate 

is present. Formaldehyde was only formed with a high selectivity on molybdenum-

containing catalysts, in which the iron molybdate is more active than the MoO3. 

Pernicone et al.[133] proposed a similar reaction mechanism on Fe-Mo-O catalysts based 

on the Mars-van Krevelen mechnism as shown below: 

step 1: CH3OH + [ ] + O2 ↔ (CH3O – [ ])- + OH- 

step 2: (CH3O – [ ])- + O2- ↔ (CH2O – [ ])2- + OH- 

step 3: 2 OH- ↔ H2O + O2- + [ ] 

step 4: (CH2O – [ ])2- → CH2O + [ ]2- 
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step 5: ½ O2 + [ ]2- → O2- 

where [ ] is an anionic vacancy and O2- represents a lattice oxygen. The rate determining 

step is believed by many researchers to be the abstraction of H from the methyl group. It 

should be noted that during this methanol oxidation reaction, many by-products can also 

be formed, such as dimethylether (DME), dimethoxymethane (DMM), methylformate 

(MF), CO and CO2, where CO is the major by-product. More details about the reaction 

mechanism and kinetics of the oxidation of methanol to formaldehyde can be found in 

references [130,134-137], and shall not be discussed any further here. 

1.5 Scope of this thesis 

This project involves the nanostructural and compositional characterization of 

three different complex oxide catalysts, i.e. vanadium phosphate (V-P-O), niobium 

phosphate (Nb-P-O) and iron molybdate (Fe-Mo-O) using electron microscopy 

techniques as well as complementary characterization techniques. The brief literature 

review of these three complex oxide catalyst systems has been given in this chapter. 

Since this dissertation is mainly focused on the application of electron microscopy 

techniques to study the complex oxide catalysts, a detailed review regarding the 

application of various electron microscopy techniques on complex oxide catalysts, as 

well as the basics of these electron microscopy techniques will be presented in Chapter 2. 

It will mainly introduce the major electron microscopy techniques that have been often 

used in the study of complex oxide catalysts. This includes scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and scanning transmission electron 

microscopy (STEM). Chemical analysis techniques in the electron microscope, such as 
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X-ray energy dispersive spectroscopy (XEDS) and electron energy loss spectroscopy 

(EELS), are also described.   

In chapter 3, the basics of two electron microscopy techniques (i.e. X-ray ultra-

Microscopy (XuM) and energy-filtered transmission electron microscopy (EFTEM)) that 

are rarely used to study complex oxide catalysts will be described. Then the basic 

principles of other complementary characterization methods will be briefly introduced, 

which includes BET surface area measurement, X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS) and Laser Raman spectroscopy (LRS).  

V-P-O system 

Depending on the types of alcohols used in the reduction step of VOPO4·2H2O in 

the VPD method, different vanadium phosphate materials with different morphologies 

can be produced. Unfortunately there are not reports that provide a detailed 

understanding of the VPD route. In the present study, adding a variety of alkanes during 

the alcohol reduction step of VOPO4·2H2O shows a significant influence on the materials 

produced. The effect of the alkanes on the generation of different V-P-O materials will be 

discussed. In addition the specific order of alkane and alcohol added in the reduction 

stage of VOPO4·2H2O will be investigated. This Chapter 4 aims at obtaining a better 

understanding of the synthesis-structure relationship in the VPD route. Although the 

topotactic phase transformation from the VOHPO4·0.5H2O to the (VO)2P2O7 phase has 

been well investigated, another important phase transformation, namely VOPO4·2H2O to 

VOHPO4·0.5H2O (i.e. platelet-type and rosette-type morphologies) is still not well 

documented. In Chapter 4, this particular phase transformation will be explained on the 

basis of detailed electron microscopy studies. 
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It is well known that the active (VO)2P2O7 phase is formed topotactically from the 

VOHPO4·0.5H2O precursor. Hence it is very important to control the morphology of the 

precursor through the preparation route in order to generate an active V-P-O material 

which has a better catalytic performance. Three novel preparation methodologies have 

been used in this project, i.e. (i) the use of V-P-O ‘seed’ crystals in the VPD route, (ii) the 

use of a di-block copolymer template in V-P-O production and (iii) the use of a 

mechanically resistant SiO2 shell for encapsulating fragile V-P-O catalysts. Each of the 

methods has shown advantages over the conventional routes (i.e. the VPA, VPO and 

VPD route.) as shown in Chapter 5. The details of the synthesis and the structure-

performance relationship of the produced V-P-O materials will also be discussed in 

Chapter 5. 

Nb-P-O system 

The application of V-P-O catalysts in the selective oxidation of n-butane to MA 

has been studied for decades. Recently niobium phosphates, a close relative to V-P-O, are 

beginning to receive some attention from some research groups. In Chapter 6, two 

catalytic applications of niobium phosphate (Nb-P-O) materials, namely the oxidative 

dehydrogenation of ethane to ethylene and the oxidation of methanol to formaldehyde, 

will be investigated. The relationship between the Nb-P-O morphologies and phases (i.e. 

cubic Nb2P4O15, tetragonal NbOPO4 and orthorhombic Nb1.91P2.82O12 phases) produced 

and their catalytic performance will be discussed.  

Fe-Mo-O system 

In Chapter 7 the application of a novel hydrothermal synthesis and impregnation 

technique to prepare Fe2(MoO4)3/MoO3 nanorod catalysts for the oxidation of methanol 
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to formaldehyde will be discussed. By depositing iron salt precursors to pre-synthesized 

MoO3 nanorods, a novel Fe2(MoO4)3/MoO3 island/nanorod morphology can be produced. 

The effect of Mo/Fe atomic ratio and duration of calcination time during the course of 

catalyst preparation on the physical structure, chemical composition and catalytic 

performance will be systemically investigated. The catalysts generated will be shown to 

exhibit a comparable catalytic performance to industrial Fe-Mo-O catalysts, showing a 

conversion of nearly 100% while maintaining the selectivity as high as 90%. The 

formation mechanism involved in the generation of these novel island/nanorod catalysts 

will be discussed.  
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Chapter 2 Introduction to electron microscopy techniques and their 

application to complex oxide catalysts  

2.1 Introduction 

Electron microscopy has and continues to be a valuable tool for the study of 

catalyst materials for revealing their morphology, crystallography, microstructure and 

chemical composition from the macroscopic to the atomic scale. Most complex oxide 

heterogeneous catalyst materials are composed of more than one phase that often exhibit 

different morphologies. Some examples of the V-P-O, Nb-P-O and Fe-Mo-O catalyst 

systems have been described in Chapter 1, in which a number of various phases can co-

exist. Usually scanning electron microscopy and transmission electron microscopy are 

firstly used to observe the general morphology of the materials. Electron diffraction can 

then be used for the structural characterization of these materials in order to determine the 

presence (or absence) of a specific phase and the orientation of the crystal. High 

resolution transmission electron microscopy and scanning transmission electron 

microscopy allow one to further examine local structure at the surface or within the bulk 

of these materials at the atomic level. X-ray energy dispersive spectroscopy and electron 

energy loss spectroscopy in the TEM can provide elemental analysis and chemical 

information (e.g. chemical bonding and oxidation states). In view of the importance of 

electron microscopy, a review of the literatures with respect to its applications to complex 

oxide catalyst systems is warranted. The electron microscopy applications described here 

will mainly focus on the studies of V-P-O, Fe-Mo-O, niobium-containing complex oxides 

and other related complex oxide catalysts.  
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2.2 Scanning electron microscopy and its application to the complex oxide 

catalysts 

Scanning electron microscopy (SEM) is one of the most intuitive techniques 

available to image a sample. A schematic diagram of a typical scanning electron 

microscope is presented in Figure 2.1. In SEM, an electron beam produced by an electron 

gun (i.e. thermionic, Schottky or field emission) is accelerated down the column at a 

potential of 0.5 - 30 kV. The beam is focused into a small probe by condenser lenses and 

then rastered across the specimen surface by scan coils. Through various electron beam-

specimen interactions, secondary electrons (SE) and/or backscattered electrons (BSE) 

exiting the surface of the specimen are captured by the corresponding electron detector 

(either SE or BSE detector). The captured signals at each pixel are used to modulate the 

intensity of a synchronously rastered image on a TV screen. The magnification (M) of the 

SEM micrograph is given by the equation 2.1: 

M = Ascr/Asca                (2.1) 

where Asca is the scanned area on the specimen and Ascr is the corresponding area of the 

display screen. The spatial resolution of a SEM is mainly determined by the size of the 

electron probe: the smaller the probe diameter, the higher resolution in the SEM image. 

The interpretation of an SEM micrograph to a first approximation is reasonably 

straightforward. The contrast observed in a typical SEM micrograph is mainly due to the 

surface topology if the SE signal is captured or due to the atomic number differences if 

the BSE signal is employed. SEM has been used frequently in this project to obtain 

information about the general morphology of powder catalyst specimens. 
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Figure 2.1 Schematic diagram of a typical scanning electron microscope showing the 
electron gun, lenses, scan coils and detector.[1] 
 

The application of SEM to reveal the morphology of V-P-O materials can be 

found in many studies. In Chapter 1, sub-section 1.2.2, Figure 1.5, three typical 

morphologies of VOHPO4·0.5H2O materials observed by SEM are presented, namely the 

block-type morphology obtained from the VPA route, the rhomboidal shaped platelet-

type morphology produced from the VPO route and the rosette-type morphology 

generated from the VPD route (when the primary alcohol is used.). The diversity of the 

morphologies in the V-P-O catalyst system has been further illustrated by Kiely et al.[2] 

They showed that αΙ-VOPO4 and αΙΙ-VOPO4 tend to form platelet-type morphologies 

(Figs. 2.2(a)(b)), whereas β-VOPO4 adopts an angular morphology (Fig. 2.2(c)). γ-
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VOPO4 is mainly composed of thin platelets (Fig. 2.2(d)) and δ-VOPO4 consists of 

irregularly shaped particles (Fig. 2.2(e)). 

 

 
Figure 2.2 Representative SEM micrographs of standard VOPO4 phases, such as (a) αΙ- 
VOPO4, (b) αΙΙ-VOPO4, (c) β-VOPO4, (d) γ-VOPO4 and (e)δ-VOPO4.

[2] 
 

2.3 Transmission Electron Microscopy  

Transmission Electron Microscopy (TEM) not only provides morphological 

information of samples at a much higher magnification than SEM, but can also reveal the 

crystalline structure of the sample by electron diffraction. The major operating difference 

in TEM from SEM is that a parallel beam of incident electrons is kept stationary and 

transmitted through a thin specimen, instead of being focused and rastered across a bulk 

specimen. A schematic illustration of a typical TEM column is shown in Figure 3.3. A 

coherent beam of electrons produced by an electron gun (i.e. thermionic, Schottky or 

field emission) with energies between 80kV and 200kV is transferred down to the 

specimen via the condenser lens system. This incident electron beam can be either a 

parallel beam or a focused probe depending on the particular technique to be applied. 

b 

e d 

a c 



62 

 

After the incident electrons have interacted with the specimen, the transmitted electrons 

are first transferred by the lower objective lens, and then further transferred by a set of 

intermediate and projector lens to form either an image or a diffraction pattern on the 

fluorescent screen. Typically the transmitted electrons (i.e. non-scattered and elastically 

scattered electrons) passing through the thin specimen contain the morphological and 

crystallographic information on the sample, while the in-elastically scattered electrons 

contain the compositional information.    

 
Figure 2.3 Schematic illustration of a transmission electron microscope showing basic 
components including the electron gun, condenser lenses, the specimen, the objective 
lens, the intermediate lens, the projector lens and chemical analysis components (i.e. 
energy-dispersive X-ray spectroscometer (XEDS) and electron energy loss spectrometer 
(EELS) which will be described later).[3]  
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2.3.1 Bright Field and Dark Field imaging in TEM 

In a conventional TEM, image contrast is formed because of spatial variations in 

the intensities of electrons detected by the recording device. The three primary contrast 

mechanisms at play are (i) mass/thickness contrast, (ii) diffraction contrast and (iii) phase 

contrast. Mass/thickness contrast is formed due to the fact that thicker or higher-Z regions 

of the specimen absorb and/or scatter more electrons off the optic axis. Hence fewer 

electrons from these regions are captured by the fluorescent screen giving rise to darker 

areas in bright field images. Diffraction contrast is normally observed when a particular 

set of Bragg-scattered electrons are used to form an image, which show brighter areas 

(specific to region exhibiting strong Bragg-scattering) and darker areas (where Bragg 

diffractions are weak or non-existent). Phase contrast is achieved by allowing two or 

more electron beams with different phases to pass through the objective aperture, and 

interfere with each other to form a final image. This latter type of contrast is often 

displayed as moiré fringes and Fresnel fringes in low magnification TEM images, and 

lattice fringes in high resolution TEM (HR-TEM) which will be described later. Further 

details of these various image contrast mechanisms can be found in Williams and 

Carter.[4] 

When the TEM is operated in the imaging mode, an objective aperture is placed 

on the back focal plane (BFP) of the objective lens, which selects either the direct beam 

or a diffracted beam to form an image. When the direct beam is selected by the objective 

aperture (Fig. 2.4(a)), the diffracted electrons are excluded and only the non-scattered and 

low angle inelastically scattered electrons are included in a bright field transmission 

electron microscopy (BF-TEM) image. When a diffracted beam selected by the objective 
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aperture is used (Fig. 2.4(b)(c)), the image formed is known as the dark field transmission 

electron microscopy (DF-TEM) image. Two different DF-TEM imaging modes are 

normally used, namely (i) displaced aperture DF-TEM in which the objective aperture is 

displaced to select the off-axis diffracted beam (Fig. 2.4(b)) and (ii) centered DF-TEM in 

which objective aperture is centered but the diffracted beam is tilted passing through the 

objective aperture (Fig. 2.4(c)). DF-TEM, to a first approximation, shows a 

complementary contrast to BF-TEM images.  

 
 
Figure 2.4 Ray diagrams in the TEM of (a) BF imaging mode, (b) DF imaging mode 
(displaced objective aperture) and (c) DF imaging mode (centered objective aperture).[4]    
 

2.3.2 Selected area electron diffraction in TEM 

Electron diffraction in the TEM bears a similarity to X-ray diffraction and follows 

Bragg’s law, where 

nλ = 2dhklsinθ               (2.2) 

In equation 2.2, n is an integer, λ is the wavelength of the incident electron beam, dhkl is 

the spacing between the specific hkl planes and θ is the angle between the incident beam 

and the scattering planes. Bragg’s law is a manifestation of the constructive interference 

a b c 
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of elastically scattered coherent electrons in a periodic crystalline lattice. A structure 

factor, Fhkl (see eqn. 2.3), is often used to describe the elastic scattering of these coherent 

electrons from a unit cell of a thin crystal.  

Fhkl = ∑i fi e
2πi(hxi + kyi + lzi)              (2.3) 

In equation 2.3 f is the atomic scattering factor which is related to the amplitude of a 

scattered wave, hkl is the index of a specific plane and x,y,z represent the fractional 

atomic coordinates of atoms in the unit cell. This equation implies that structure factors 

can be evaluated by multiplying the atomic scattering factor fi for each atom i with a 

coordinate (xi,yi,zi), with a phase factor that takes into account the phase difference of 

electrons scattered by different hkl planes. Hence the intensity of each hkl spots in the 

electron diffraction pattern can be simulated by the calculation of such structure factors 

for this given structure as I ~ (Fhkl)
2. It should be noted that this type of the simulated 

electron diffraction pattern is known as the ‘kinematical’ diffraction pattern. Kinematical 

diffraction theory mainly ignores the effect of multiple scattering events (dynamical 

scattering) that can occur during the passage of electrons through the thin specimen. 

Kinematical theory considers the specimen to be very thin and flat. In reality, the 

kinematical theory needs to be modified to take into account the multiple scattering 

effects and leads to a more accurate theory- dynamical diffraction theory. One of the 

most successful mathematical discriptions of this dynamical theory is presented by 

Howie and Whelan[5] using coupled partial differential equations (or the so-called Howie-

Whelan equations), in which only the interactions between two beams, namely the 

incident beam and the Bragg-diffracted beam are considered.  
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In the diffraction mode of TEM, a selected area electron diffraction (SAED) 

aperture is located in the image plane of the objective lens, which can be used to select a 

specific area of the specimen for analysis. A diffraction pattern from this selected area 

can then be displayed on the fluorescent screen. This technique is known as the selected 

area electron diffraction (SAED) and the diffraction patterns recorded are termed the 

selected area electron diffraction patterns (SADP’s). The SAED technique is very useful 

for determining the crystallographic structure and orientation relative to the incident 

beam direction of individual particles in complex oxide catalysts.  

The two operating modes- the imaging mode and the diffraction mode in TEM are 

shown schematically in Figure 2.5. In the imaging mode (Fig. 2.5(a)), an objective 

aperture is placed on the back focal plane (BFP) of the objective lens to select either the 

direct beam or the diffracted beam from which to form an image. The strength of the 

intermediate/projector lens system is automatically adjusted to select the image plane of 

the objective lens as its object and then projects a magnified image on the screen. In 

diffraction mode (Fig. 3.5(b)) however, the SAED aperture is located on the image plane 

and the intermediate/projector lens system is adjusted to select the back focal plane of the 

objective lens as its object, which then projects an electron diffraction pattern of the 

specimen onto the screen.  
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              (a)                                          (b) 

Figure 2.5 Simplified schematic diagram showing two basic modes in TEM: (a) the 
imaging mode- where the image plane of the objective lens is projected onto the screen 
and (b) the diffraction mode- where the back focal plane (BFP) of the objective lens is 
projected onto the screen.[6]  
 

2.4 Chemical analysis in the electron microscope 

2.4.1 X-ray energy dispersive spectroscopy  

X-ray energy dispersive spectroscopy (XEDS; also known as EDS or EDX) is one 

the most widely used compositional analysis method in the analytical electron 

microscopy (AEM). A high energy incident electron collides with an atom of the sample 

and ejects an inner orbital electron thus leaving a hole in that shell (e.g. the K shell in Fig. 

2.6). This hole would then be filled by an electron dropping down from a higher energy 

shell (e.g. the L shell in Fig. 2.6) resulting in an energy loss between the two shells, 

which is known as a relaxation process. This excess energy can be emitted either by (i) 

(BFP) 

Image plane 
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the ejection of a second electron - an Auger electron or by (ii) the emission of a 

characteristic X-ray, which is captured by an XEDS spectrometer (e.g. Si(Li) detector). 

The energy of this characteristic X-ray is given by eqn. 2.4:  

∆E = hv = E2 – E1               (2.4) 

where E1 and E2 represent the electron energies at the initial state and final state for the 

electron undergoing the transition, respectively, h is Planck’s constant and v is the 

frequency of this characteristic X-ray.  

 
Figure 2.6 Schematic illustration of the generation of characteristic X-rays and energy-
loss electrons.[4] 

2.4.2 Electron energy loss spectroscopy  

Another powerful analytical method incorporated in the AEM is electron energy 

loss spectroscopy (EELS). For the same ionization process described above (Fig. 2.6), 

those inelastically scattered energy-loss electrons of the incident beam are collected by a 

post specimen spectrometer to form an EELS spectrum. A typical EELS spectrum plots 

energy loss on the horizontal axis and electron counts on the vertical axis. The energy 
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loss of the incident electron is closely related to the binding energy and kinetic energy of 

the ejected electron, which can be used to determine local chemical, bonding and 

electronic information of the sample under examination. It should be noted that EELS is 

often used as a complementary technique to XEDS in terms of elemental analysis. XEDS 

is easy to use, intuitive to interpret and sensitive to most elements, especially heavy 

elements due to the fact that the characteristic X-ray generation efficiency increases with 

increasing atomic number (Z). The EELS spectrum, however is more difficult to interpret, 

but can provide a larger amount of chemical information (e.g. chemical composition, 

ionization state, dielectric constant and specimen thickness), and is much more sensitive 

to lighter elements.  

It should be noted that both the XEDS and EELS techniques are available in the 

TEM and STEM (see section 2.6) microscopes and can provide elemental and chemical 

information from the micron down to nano-scale. In addition STEM-XEDS and STEM-

EELS, due to the development of the probe corrector, now offer the ability to perform 

atomic scale chemical analysis.  

2.5 Example applications of imaging, SAED analysis and chemical analysis in 

TEM to complex oxide catalysts 

Using such methods (BF-/DF-TEM and SAED) the structural transformation of 

the VOHPO4·0.5H2O precursor to the (VO)2P2O7 activated catalyst has been 

investigated.[7] In this particular study performed by Kiely et al.,[7] a VOHPO4·0.5H2O 

platelet type precursor was prepared via the VPO route and then activated under identical 

reaction conditions (400 °C, 1.5% n-butane/air) for four different times-on-stream, 
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namely 0.1, 8, 84 and 132 hours. The four partially activated catalysts, denoted as VPO-

0.1, VPO-8, VPO-84 and VPO-132, respectively, were then examined in the TEM to 

follow any substantial phase and microstructural changes that occur during activation 

(see Fig. 2.7). A direct topotactic transformation from [001] VOHPO4·0.5H2O to [100] 

(VO)2P2O7 was observed to occur at the periphery of the platelet (Figs. 2.7 and 2.8(b)). In 

the interior of the platelet, VOHPO4·0.5H2O (Fig. 2.8(a)) first transformed to the δ-

VOPO4 polymorph embedded in a disordered matrix (Fig. 2.8(c)) and then subsequently 

transformed to the final active (VO)2P2O7 phase (Fig. 2.7(e)). 

 
Figure 2.7 BF-TEM micrographs of (a) the VOHPO4·0.5H2O materials (inset SADPs 
correspond to [001] VOHPO4·0.5H2O), (b) VPO-0.1, (c) VPO-8, (d) VPO-84 and (e) 
VPO-132 activated catalysts. [7] 
 

 
Figure 2.8 (a) BF-TEM micrograph of the VPO-0.1 sample showing a typical platelet 
from; corresponding DF-TEM micrographs taken in (b) g(VO)2P2O7 = 024 reflection of 
(VO)2P2O7 and (c) the gδ-VOPO4 = 022 reflection of δ-VOPO4.

[7] 

a 

e 

d 

c 

b 
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Delimitis et al.
[8] studied V-P-O catalysts doped with gallium, cobalt and iron, 

respectively, using electron microscopy. Both the undoped and doped VOHPO4·0.5H2O 

precursors were prepared by the VPO route, in which the dopant elements were refluxed 

with alcohols and then added into the reacting slurry. In the case of gallium-doped V-P-O 

catalysts,[9] materials with four different nominal Ga/V atomic ratios, namely 0.1, 0.5, 1.0 

and 5.0 were prepared, catalytically tested and examined by TEM. It was found that the 

four doped VOHPO4·0.5H2O precursors show {120}-, {010}- and {100}- type forbidden 

reflections in the SADP’s as a direct consequence of an increased point defect population 

caused by the Ga doping (Fig. 2.9). The perfect VOHPO4·0.5H2O material does not show 

forbidden reflections in the SADP’s (Fig. 2.9(a)(b)). However, after being doped with 0.1 

at% Ga, both experimental and simulated SADP’s show forbidden reflections at {120}, 

{010} and {100} positions because of the point defect populations (i.e. substitutional 

Ga3+ ions and O2- vacancies).  

 
Figure 2.9 SADP’s obtained along the [001] platelet normal of VOHPO4·0.5H2O for (a) 
the undoped precursor and (c) the VPO-0.1Ga precursor materials; simulated and indexed 
SADP’s for the [001] projection of (b) the perfect VOHPO4·0.5H2O crystal and (d) the 
doped VOHPO4·0.5H2O containing point defects showing forbidden reflections at (i) and 
(ii) corresponding to {120} and {100}, respectively. [9] 

c a 

b d 
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In addition using the EELS technique Ayub et al.[10] studied the vanadium 

oxidation states in Bi promoted VOHPO4·0.5H2O and (VO)2P2O7 materials. Their results 

indicate that the energy shifts of V-L edges correspond to the alteration in the vanadium 

oxidation states, which is helpful for identifying the different V-P-O phases in the active 

catalyst (which can have V4+, V5+ or even V3+ oxidation states). 

Compared with numerous electron microscopy analyses performed on V-P-O 

materials, only a relatively few TEM imaging and SAED analyses have been carried out 

on Nb-P-O and Fe-Mo-O materials. Mal et al.[11] synthesized hybrid and organic free 

mesoporous niobium oxophosphate using phenylphosphonic acid and NbCl5 as precursors 

and sodium dodecylsulfate (SDS) as the surfactant. Following this study, Sarkar et al.[12] 

reported the synthesis of a high surface area mesoporous Nb-P-O (427 m2g-1) using 

niobium tartrate complex and diammonium hydrogen phosphate as precursors and 

tetradecyl trimethylammonium bromide (TTBr) as the template. BF-TEM imaging 

allowed both group to observe a mesoporous structure in the Nb-P-O material generated. 

Both Nb-P-O materials show a narrow pore size distribution as illustrated in Figure 2.10.  

 
Figure 2.10 BF-TEM micrographs of (a) the mesoporous hybrid Nb-P-O material 
produced by Mal et al.[11] and (b) the mesoporous calcined Nb-P-O material produced by 
Sarkar et al.[12] 
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Wang et al.[13] have used the BF-TEM imaging as well as SAED analysis to 

investigate ferric molybdate nanotubes, which were produced by depositing iron 

hydroxide onto pre-synthesized MoO3 nanorods and then heating them in air. BF-TEM 

images of the pre-synthesized MoO3 nanorods are shown in Figure 2.11(a), and after iron 

hydroxide deposition core/shell MoO3/Fe(OH)3 nanorods with a shell thickness of 40 nm 

were produced (Fig. 2.11(b)). After calcination in air at 420 °C, a novel Fe2(MoO4)3 

nanotube is generated through a combination of the solid state diffusion reaction and the 

Kirkendall effect.  

 
Figure 2.11 BF-TEM micrographs of (a) MoO3 nanorods, (b) core/shell MoO3/Fe(OH)3 
nanorods with a 40 nm shell, (c) Fe2(MoO4)3 nanotubes obtained by heating samples in (b) 
at 420 °C in air (inset, SADP corresponds to the monoclinic Fe2(MoO4)3 phase) and (d) 
enlargement of (b) showing hollow tubular structure and different Mo/Fe ratios at 
different positions as determined by XEDS analysis.[13] 
 

The SADP (Fig. 2.11(c), inset) taken from the nanotube confirmed that they are 

the monoclinic Fe2(MoO4)3 phase. XEDS analysis (Fig. 2.11(d)) showed that the Mo/Fe 

b 

c 
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atomic ratio at the rim region (A: 1.7 and C: 1.6) is lower than that of the central region 

(B: 2.1), which was attributed to a radial gradient distribution of Mo and Fe components 

that developed under the low calcination temperature conditions employed.[14] 

2.6 High resolution transmission electron microscopy and its application to the 

complex oxide catalysts 

2.6.1 The high resolution transmission electron microscopy 

The real-space specimen information obtained using the BF-TEM and DF-TEM 

imaging techniques do not provide information down to the atomic level. Using high 

resolution transmission electron microscopy (HR-TEM), it is possible to acquire atomic 

scale structural information from a crystalline material. In the HR-TEM technique, lattice 

fringes can be produced via the phase contrast mechanism, which is achieved by the 

interference of two or more electron beams with different phases at the image plane. This 

interference finally shows an array of overlapping lattice fringes on the fluorescent screen. 

It should be noted that such array of intersecting lattice fringes might look like the 

projected atomic structure in the crystal. However it is not a direct representation of the 

atoms, and merely shows spacing and intersection angle information of the projected 

crystal plane. In order to better relate the crystal structure to its corresponding HR-TEM 

image, the use of image simulations is required.  

Image formation in HR-TEM technique can be understood by introducing a very 

important function, the Contrast Transfer Function (CTF) of the TEM, which describes 

how the limiting apertures and aberrations affect the interference of various electron 

waves. A TEM is an optical system that conveys the information on the specimen to the 
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final image. Each point of the final image contains the information from many points of 

the specimen. Mathematically the specimen can be represented by a periodic specimen 

function- f(r) and the image can be defined as the image function- g(r). Hence the image 

function is given by equation 2.5,  

g(r) = � f�r'� h(r-r')dr' = f(r) ◊ h(r)             (2.5) 

where h(r) is known as the point-spread function which describes how the image function 

is related back to the specimen function, and ◊ is the convolution operator. Fourier 

transforms of equation 2.5 gives a new equation 2.6, 

G(u) = F(u) H(u)               (2.6) 

where G(u) is the Fourier transform of g(r), F(u) is the Fourier transform of f(r), H(u) is 

the Fourier transform of h(r) and u is the spatial frequency for a particular direction. Here 

H(u) can be expressed as the product of three factors, namely (i) the apertures (the 

aperture function- A(u)), (ii) the attenuation of the wave due to the chromatic aberration 

(Cc) and the spatial coherence of the electron gun (the envelope function- E(u)) and (iii) 

the aberration of the lens (the aberration function B(u)).  

If the specimen is simply considered as a “phase object” which is so thin that the 

absorption of electrons can be neglected, we are in a regime known as the weak-phase-

object approximation (WPOA). Then the specimen function f(r) or f(x,y) can be 

expressed as:- 

f(x,y) =  1 – iσV(x,y)               (2.7) 

where V(x,y) is the crystal potential projected in the z direction and σ is the interaction 

constant. The specimen function now becomes a linear function with the projected crystal 

potential when the weak-phase-object approximation (WPOA) is applied. Substituting 
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this specimen function expression (eqn. 2.7) into equation 2.5, the image function can be 

rearranged as:-  

ψ (x,y) =  [1 – iσV(x,y)] ◊ h(x,y)             (2.8) 

Considering that  

h(x,y) = cos (x,y) + i sin(x,y)              (2.9) 

and the intensity of the image on the screen is  

I = ψ ψ* = │ψ│2             (2.10) 

then the image intensity in the HR-TEM micrographs can be expressed as:- 

I = 1 + 2 σV(x,y) ◊ sin (x,y)            (2.11) 

which is closely related to the convolution of the projected crystal potential and the 

imaginary part of the contrast transfer function. Hence the contrast transfer function can 

be re-defined only in consideration of the imaginary part of B(u) (which is also the 

imaginary part of h(x,y)), 

T(u) = A(u) E(u) 2 sin χ(u)            (2.12) 

This is known as the objective lens transfer function, where 

χ(u) = 2π/λ (Csλ4u4/4 + ∆fλ2u2/2) = π ∆f λ u2 + ½ π Cs λ3 u4        (2.13) 

The above equations (equations 2.7 - 2.12) tell us that in the WPOA regime, the objective 

lens transfer function T(u) and therefore the contrast transfer function H(u), is mainly 

dependent on the phase-distortion function  χ(u). This χ(u) function is expressed in the 

form of a phase shift- 2π/λ times the path difference of electron waves, which is mainly 

affected by the defocus (∆f) and spherical aberration (Cs). In this equation the 

astigmatism (Ca) is neglected due to the fact that it can be easily corrected experimentally. 

The effect of terms- Cs, ∆f, λ and u on the transfer function, T(u), is usually presented as 
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a plot of T(u) versus u as described in detail by Williams and Carter.[4] The effect of the 

defocus (∆f) on T(u) as an example is shown in Figure 2.12. Those plots were generated 

by Java Electron Microscopy image Simulation (JEMS) for E0 = 200 kV and Cs = 0.5 

mm on JEOL JEM-2100F. 

The plot of T(u) versus u in Figure 2.12 shows maximum, minimum and zero 

values, which resembles the sinusoidal wave function. The sign of T(u) (either positive or 

negative) indicates the image contrast of atomic columns in the HR-TEM micrographs; 

namely a negative T(u) gives rise to dark atomic column contrast with a white 

background, and vice versa. In order to obtain a higher resolution HR-TEM micrograph 

with a better image contrast, the T(u) value needs to keep high while having a broad 

range of spatial frequencies u (units: nm-1) as shown in Figure 2.12(b). 

 
Figure 2.12 Plots of T(u) versus u at different defocus values for the JEOL JEM-2100F 
TEM: (a) ∆f = 31.4 nm, (b) ∆fsch = 43.4 nm and (c) ∆f = 55.4 nm. (underfocus is positive.) 
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Such a condition can be achieved when the first derivative of χ(u) over u equals 

to zero, which gives the following result:- 

∆fsch = - 1.2 (Cs λ)½             (2.14) 

At this special defocus value, all electron beams have almost the same constant value of 

the transfer function up to the first point that T(u) crosses the zero axis at usch. Hence 

nearly all electron beams are transferred through the electron microscope with identical 

phase, which contribute positively to the final HR-TEM image. This particular ∆fsch 

defocus condition (eqn. 2.14), which was discovered by Scherzer in 1949, is known as 

Scherzer defocus.[15] It can effectively offset the spherical aberration of the objective lens 

by underfocusing the electron microscope by tens of nanometers (i.e. 43.4 nm in this case, 

Figure 2.12(b)). The usch value at the Scherzer defocus condition defines the largest 

spatial frequency (or the smallest interplanar spacing) of a HR-TEM that is interpretable 

in the image, which is also known as the instrumental resolution limit. The resolution 

limit (rsch) can be expressed as the reciprocal of usch, 

rsch = 0.66 Cs
0.25 λ0.75             (3.15) 

It should be noted that both the aperture function- A(u) and the envelope 

function- E(u) will also affect the transfer function. The value of A(u) can be either 0 or 1 

depending on whether the objective aperture excludes certain beams (A(u) = 0) or 

includes certain beams (A(u) = 1) for the image formation in the HR-TEM micrograph. 

The more complicated E(u) function effectively damps out the higher spatial frequencies 

(Fig. 2.13) because of chromatic effects (the temporal envelope) and the spatial 

coherence (the spatial envelope) of the electron source. A consequence of the sinusoidal 

shape of the transfer function is that the image contrast in HR-TEM can potentially 
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reverse when the defocus value is changed, which makes the image interpretation more 

challenging. A good example of this effect is shown in Figure 2.12. Assuming there is a 

feature with a 0.2 nm interplanar spacing (u = 5.0 nm-1) in the HR-TEM image, such 

feature would have a positive T(u) value in Figure 2.12(a) at defocus = 33.4 nm, but a 

negative T(u) value in Figure 2.12(b) at defocus = 43.4 nm. In addition other parameters 

such as sample thickness, aberration coefficient and beam tilt can also change the details 

of an HR-TEM image. Hence computer simulations of HR-TEM images are normally 

performed in order to better understand the relationships between the details of an image 

and the real projected atomic structure of the specimen. The principles of image 

simulations used in this project will be described in Chapter 3, section 3.4. More details 

about the HR-TEM can be found in the excellent book authored by Spence.[16] 

 
Figure 2.13 Plots of T(u) versus u (a) without the envelope function included and (b) 
with the envelope function included (blue- temporal envelope, green- spatial envelope, 
red- products of both envelopes and black- the damped T(u). (These plots were rendered 
by JEMS.) 
 

2.6.2 Example applications of HR-TEM to complex oxide catalysts 

HR-TEM has been widely used for identifying the crystal structure, crystal 

defects and the surface structure of complex oxide catalysts at the atomic scale. In Figure 

2.2, BF-TEM micrographs show the phase transformation from a uniform 

T(u) T(u) 

u u 

a b 
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VOHPO4·0.5H2O platelet to the (VO)2P2O7  material with block-type crystallites (ca. 50 - 

100 nm) at the periphery.[7] HR-TEM allowed Kiely et al. to identify these crystallites to 

be the (VO)2P2O7 phase viewed along the [100] direction with (010) and (001) lattice 

planes resolved (Figs. 2.14(a)(b)).[7] In another study of V-P-O catalysts performed by the 

same authors, two different projections of the block-type (VO)2P2O7 crystallites were 

observed, namely the [100] projection of (VO)2P2O7 and the [021] projection of 

(VO)2P2O7 with the (200) and (02 4− ) lattice planes resolved (Fig. 2.14(c)).[2] These 

different atomic projections allowed them to propose a model of the oblong (VO)2P2O7 

crystallite exposing (100), (021) and (012− ) facets as shown in Figure 2.14(d). 

 

 
Figure 2.14 (a) BF-TEM micrograph of the rim region of the VPO-84 platelet and (b) 
HR-TEM micrograph of the block-type crystallites corresponding to the [100] projection 
of (VO)2P2O7;

[7](c) HR-TEM micrograph of the [021] projection of (VO)2P2O7 and (d) 
schematic diagram of the block-type (VO)2P2O7 crystallites.[2] 

b a 

c d 
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It is well known that the catalytic reactions occur on the surface of the active 

catalysts. HR-TEM is widely used for observing the surface structure of complex oxide 

catalysts. Using HR-TEM Bluhm et al.[17] observed that a thin adlayer of non-crystalline 

material (ca. 1-3 nm in thickness) is present on both the prismatic edges and basal surface 

planes of the active (VO)2P2O7 crystallites. This terminating thin amorphous adlayer was 

believed to be a good candidate for the localization of the active sites. Such an 

amorphous overlayer existing on the surface of the active crystalline (VO)2P2O7 phase 

has also been observed in several other TEM studies,[18,19] and a consensus is building 

that it may be the active material for the selective oxidation of n-butane to MA.  

 
Figure 2.15 HR-TEM micrographs of (a) the activated (VO)2P2O7 particles with a non-
crystalline adlayer as observed by Bluhm et al.,[17] (b) the disorderd surface on the well-
crystallized (VO)2P2O7 particles reported by Hävecker et al.[19] and (c) the amorphous 
overlayer on the activated (VO)2P2O7 crystallites as detected by Hutchings et al.[18] 
 
 These amorphous layers on the surface of complex oxide catalysts have also been 

observed in other complex oxide catalyst systems. Routray et al.[20] reported that a 

surface amorphous layer (~ 1 nm thick) is present on the surface of catalytically active 

stoichiometric Fe2(MoO4)3, which is enriched in MoOx. This MoOx enriched amorphous 

overlayer is now believed to be active for the oxidation of methanol to formaldehyde. 

The same authors also observed an amorphous VOx enriched layer on the surface of a 

FeVO4 catalyst, which was attributed to be the active phase for the methanol oxidation.[21] 

a b c 
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The presence of a disordered surface layer in complex oxide catalyst systems is not 

surprising, since the catalytic reactions on the aforementioned (e.g. V-P-O, Fe-Mo-O and 

Fe-V-O) are all believed to follow the Mars-van-Krevelen mechanism. According to this 

surface redox mechanism, lattice oxygen from the complex oxide lattice participates in 

the gas-phase reaction and is physically removed from the first few layers of the crystal 

surface, which would naturally leave vacancies in the surface structure. Eventually the 

surface of the crystal structure may degenerate into an amorphous overlayer. It should be 

noted however that most of these complex oxide catalysts are sensitive to electron beam 

damage, and although low electron dose settings were employed in the aforementioned 

studies, the possibility of having an electron induced contribution to the amorphous layer 

was not ruled out by any of the authors.  

 
Figure 2.16 HR-TEM micrographs of (a) the bulk Fe2(MoO4)3 catalyst with an 
amorphous overlayer[20] and (b) the FeVO4 catalyst with an amorphous overlayer[21]. 
 

HR-TEM aided by image simulations has allowed researchers to determine the 

crystal structure of certain oxides by comparing the experimental HR-TEM image with 

the simulated HR-TEM image. A good example of this application is shown in Figure 

2.17 for the investigation of the Mo-V-Nb-Te-O catalyst. This catalyst system has two 

phases (i.e. M1 and M2 phases), which are active and selective for the propane 

a b 
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ammoxidation.[22] The structures of both phases are rather complicated and are still under 

investigation. HR-TEM analysis allowed DeSanto et al.[23] to obtain atomically resolved 

lattice images of both phases as shown in Figure 2.17(a)(d). Through the image 

simulation using the atomic models presented in Figure 2.17(b)(e), a good agreement 

between the simulated image (the proposed model) and the experimental image was 

achieved for both M1 and M2 phases, respectively. This confirmed proposed structures of 

the M1 and M2 phases as derived from X-ray diffraction and neutron diffraction studies. 

In another example, aided by HR-TEM and image simulations, Burrows et al.[24] were 

able to observe that a cubic spinel (MgV2O4) phase epitaxially grows on an MgO support 

by matching the simulated images of MgV2O4/MgO and Mg3V2O8/MgO, respectively, 

with experimentally obtained images.      

 
Figure 2.17 M1 phase in the [001] projection (row 1): (a) experimental HR-TEM 
micrograph, (b) the proposed atomic model and (c) the simulated HR-TEM micrograph 
obtained at ∆f = -43nm and t = 40Å; M2 phase in the [001] projection (row 2): (d) 
experimental HR-TEM micrograph, (e) the proposed atomic model and (f) the simulated 
HR-TEM micrograph obtained at ∆f = -43nm and t = 92Å.[23] 
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2.7 In-situ transmission electron microscopy and its application to complex oxide 

catalysts 

The electron microscopy approaches described above are all ex-situ techniques, 

which means the samples after use in a catalytic reaction will have to be transferred from 

the reactor to the microscope. During this transfer step, the material would be exposed to 

air, which may introduce hydration or oxidation effects to the specimen, resulting in 

errors in the interpretation. In addition it is well known that catalysis is a dynamical 

process, in which the morphology and local structure of the catalyst surface can change 

under reaction conditions. Such changes are often vital for their catalytic behaviour. 

Hence the development of the in-situ transmission electron microscope was deemed 

necessary for the study of catalysts. Such an instrument can in principle provide a direct 

observation of the dynamical interactions (e.g. transient phases and surface structure 

modifications) between solid catalysts and gas phase reactants under slightly more 

realistic reaction conditions. The in-situ electron microscopes developed to date include 

in-situ SEM, in-situ TEM and in-situ STEM. Since the in-situ TEM has been the most 

widely applied in the study of complex oxide catalysts, the basics of in-situ TEM 

instrumentation will be outlined here.  

A typical in-situ TEM system is shown in Figure 2.18. This instrument was 

developed by Gai and Boyes[25-28] by incorporating a differentially pumped gas reaction 

cell (also known as environmental cell or ECELL) into the electron microscope column 

as delineated by a rectangular frame in Figure 2.18. This ECELL mainly consists of a 

reaction chamber, a heating stage, a gas inlet and outlet system, a mass spectrometer and 

some differential pumps. A high gas pressure ranging from a few millibars to a fraction 
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of 1 atm can be maintained within the ECELL region while the rest of the microscope 

column is kept under high vacuum. This design allows the dynamic observation of 

samples at atomic resolution when the gas pressure is kept below a few millibars. 

However it should be noted that in the ECELL electrons may interact with reaction gas to 

produce a plasma, which is not an entirely realistic catalytic reaction atmosphere. The 

small gas pressure present in the ECELL inevitably causes electrons to be scattered by 

reactant gas molecules, effectively reducing the imaging resolution of the microscope. In 

order to minimize these effects, low dose illumination conditions are usually employed 

during the in-situ experiment. 

 
Figure 2.18 Schematic diagram of the in situ TEM system developed by Gai and Boyes. 
The ECELL is delineated by the rectangular frame.[28]  
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Using in-situ environmental TEM (ETEM) Gai et al.
[28,29] were able to study the 

V-P-O catalysts under the simulated reaction conditions. By activating the 

VOHPO4·0.5H2O in N2, they dynamically observed the topotactic phase transformation 

occurring as the VOHPO4·0.5H2O phase converts to the (VO)2P2O7 phase.[28] A sequence 

of SADP’s, showing the starting VOHPO4·0.5H2O materials (Fig. 2.19(a)), the partially 

transformed VOHPO4·0.5H2O and (VO)2P2O7 (Fig. 2.19(b)) and the final (VO)2P2O7 

structure (Fig. 2.19(c)), are shown in Figure 2.19. This finding agrees with that reported 

previously by Kiely et al.[7] 

 
Figure 2.19 Dynamical SADPs showing the topotactic transformation from the 
VOHPO4·0.5H2O precursor to the (VO)2P2O7 catalyst. (a) The [010] projection of 
VOHPO4·0.5H2O at room temperature (RT), (b) intermediate SADPs showing a mixture 
of VOHPO4·0.5H2O and (VO)2P2O7 at 425 °C and (c) the [010] projection of the final 
(VO)2P2O7 at 450 °C.[28] 
 

Using in-situ ETEM together with the HR-TEM, Gai et al.
[29] also reported the 

surface structural evolution that occurs due to the catalyst anion (O2-) loss when the 

(VO)2P2O7 material was used to oxidize pure n-butane into maleic anhydride. Figure 

2.20(a) shows a HR-TEM micrograph of the (VO)2P2O7 phase with the (201) planes 

resolved. The formation of extended defects along the <201> directions is shown in 

Figure 2.20(b), as evidenced by the inset SADP which show streaks along the <201> 

directions confirming that the structural disorder is present due to the defects on (201) 

planes. Figure 2.20(c) shows evidence of (201) lattice displacements near the surface 
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with defects P1 and P2 formed by a novel glide shear mechanism.[29] This glide shear can 

be understood as follows:- under the reducing reaction conditions a large fraction of 

lattice oxygen of (VO)2P2O7 escapes from the structure and just sub-surface region 

leaving behind anion vacancies. To minimize the strain energy introduced by these anion 

vacancies, the (VO)2P2O7 crystal simply glides along the <201> directions giving rise to 

extended defects in the reduced surface region, while the underlying (VO)2P2O7 matrix 

remains intact. Figures 2.20(d)(e)(f) illustriate how the surface structure of (VO)2P2O7 

develops under an reducing environment. A structure with reduced anion-deficient 

surface layers and perfect (VO)2P2O7 matrix (Fig. 2.20(f)) is formed through a pure glide 

shear mechanism along <201> directions (as arrowed in Fig. 2.20(e)). It should be noted 

that this experiment was carried out in a very highly reducing environment (n-butane), 

which cannot fully represent the realistic reaction conditions (1.5% n-butane/air). In 

addition the assignment of the zone axis by these authors in Figures 2.19 and 2.20 was 

incorrect, namely the [010] projection of VOHPO4·0.5H2O should be the [001] projection 

of VOHPO4·0.5H2O, the [010] projection of (VO)2P2O7 should be the [100] projection of 

(VO)2P2O7. Furthermore the (201) and <201>- directions should be changed to (210) and 

<210>, respectively.  

Gai and Labun[30] also studied the Fe2(MoO4)3 catalysts under reaction conditions 

(H2/He as well as CH3OH/He or CH3OH/O2) at temperatures of ≥ 300 °C. They reported 

that in the reducing condition (i.e. under H2/He, as well as CH3OH/He) the defect-free 

Fe2(MoO4)3 is reduced into aggregates of either β-FeMoO4, α-Fe2O3 or a spinel 

(Fe2MoO4/Fe3O4). In the CH3OH/O2 oxidizing condition, the decomposition of 

Fe2(MoO4)3  follows the same route but is not as fast as that observed in the reduction 
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cycle. More details concerning in-situ electron microscopy and its applications to various 

materials can be found in a book edited by Banhart.[31] 

 
 
 
Figure 2.20 In situ atomic-resolution ETEM micrograph of (a) [010] (VO)2P2O7 in n-
butane at RT with (201) planes resolved; (b) [010] (VO)2P2O7 in n-butane at 400 °C 
showing lattice displacement (inset SADPs shows streaks along the <201> directions); (c) 
surface structure of (b) showing the (201) lattice displacements close to the surface S. 
The resulting defects P1 and P2 are formed by a novel glide-shear mechanism. Schematic 
diagrams of (d) (VO)2P2O7 in the [010] planar projection. The structure consists of edge-
shared VO6 octahedra interlinked by PO4 tetrahedra; (e) the [010] planar projection of 
one layer of the (VO)2P2O7, showing a possible pure shear model along <201> (arrowed). 
(f) Misfit defects extended by glide shear showing an interface between reduced anion-
deficient surface regions and the (VO)2P2O7 matrix.[26,28,29] 
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2.8 Scanning transmission electron microscopy based imaging and chemical 

analysis techniques 

2.8.1 Aberration-corrected scanning transmission electron microscopy 

The scanning transmission electron microscope (STEM) has features that are 

common to both the SEM and TEM. It differs from imaging in the conventional TEM, 

where a stationary parallel electron beam is used to illuminate a large area of the thin 

specimen. The STEM utilizes a highly focused electron beam formed by the condenser 

lens, which is rastered across the thin specimen using x and y scan coils. It should be 

noted that the scanned beam in STEM is parallel to the optic axis whereas in SEM beam 

scanning is achieved via tilting the electron beam. By facilitating this raster in STEM, a 

stationary electron diffraction pattern can be obtained in the BFP of the lower objective 

lens even when the beam is scanned. It is therefore analogous to using the parallel beam 

in a TEM. After the electron beam-specimen interactions have occurred, a number of 

different signals can be collected and analyzed simultaneously by a variety of recording 

devices, which makes the STEM one of the most powerful analytical instruments 

available to the electron microscopist. In this section, the various STEM imaging modes 

as well as some applications of STEM to complex oxide catalysts will be introduced.  

Depending on the position and geometry of the post-specimen detector, three 

different imaging modes can be obtained in the STEM as shown schematically in Figure 

2.21. From those electrons scattered at a very small angle (< 10 mrads), a bright field (BF) 

STEM image can be formed using the on-axis BF detector, which is comparable to the 

corresponding BF-TEM image. It is worth noting that these electrons near the optic axis 
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can also be utilized in electron energy loss spectroscopy (EELS). The annular dark field 

(ADF) image formed using electrons scattered further away from the optic axis, i.e. in the 

10 - 50 mrad angular range, is similar to that of the corresponding DF-TEM image. 

Finally electrons scattered out to angles larger than 50 mrads can be collected by a high 

angle annular dark field (HAADF) detector, and are used to form an HAADF image. 

These large angle scattered electrons are generated mainly through Rutherford scattering 

from the nucleaus, and their prevalence are proportional to the 1.7 power of the atomic 

number (Z1.7) of the atoms making up the specimen.[32] Hence these HAADF-STEM 

images are also commonly referred to Z-contrast images.  

 

Figure 2.21 Schematic diagram showing a BF detector, an ADF detectors and an 
HAADF detector and their respective collection angles in a typical STEM instrument.[4]  
 

STEM analysis can provide a wide range of structural and chemical information 

on the material. However the probe size of electron beam, which determines the spatial 

resolution obtainable in imaging and chemical analysis in the STEM mode, does not 
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reach the atomic level in uncorrected instrument mainly due to limitations imposed by the 

third order spherical aberration (Cs) of the objective lens as shown in Figure 2.22. The 

recent development of a probe aberration corrector in the STEM instruments has now 

overcome this limitation.[33-35][33] As we know, the magnetic lenses used in STEM 

instruments should be rotationally symmetric. However in order to correct Cs, Scherzer[36] 

proposed using a series of non-round magnetic components (i.e. quadrapole, hexapole 

and octapole lenses) to break the rotational symmetry of the electromagnetic lenses. 

These non-round lenses can produce a negative Cs value, which can then be used to offset 

the positive Cs value generated from the conventional cylindrical lenses. 

 
Figure 2.22 Schematic diagram showing an electron lens (a) with spherical aberration (Cs) 
in which electron trajectories at different angles are focused at different points on the 
optical axis, and (b) without spherical aberration (Cs) in which electron trajectories at 
different angles are all focused at the same point on the optical axis.[37]  
 

Nowadays two different types of spherical aberration correctors (also known as 

Cs-correctors) are available, i.e. the image corrector and the probe corrector. Two brands 

of the probe corrector are currently on the market, namely the quadrupole-octupole (QO) 

corrector from Nion Co.[33,34] and the hexapole corrector from Corrected Electron Optical 

a 
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Systems (CEOS) GmbH.[35] The third-generation QO corrector developed by Nion Co.,[34] 

which was designed for a dedicated VG STEM, consists of four quadrupoles, one 

combined quadrupole-octupole and one octupole. When placed between the condenser 

lens and the scan coils in a VG instrument, it can correct the third-order Cs, as well as 

fifth-order spherical aberration (C5) and chromatic aberration (Cc). The hexapole 

corrector is composed of a pair of hexapoles and additional transfer lenses. It is also 

located between condenser lenses and objective lens of the most modern S/TEM 

instruments (e.g. the JEOL JEM-2200FS at Lehigh University).  

As a combined TEM/STEM instrument with the Cs corrector, the JEOL JEM-

2200FS at Lehigh University is a state-of-the-art microscope. The specimen stage is 

located between two objective lenses that act as the imaging lens (the lower lens) in TEM 

mode and probe-forming lens (the upper lens) in STEM mode. When the Cs-corrector is 

turned on, it offers an electron beam with a much higher probe current and a smaller 

probe size (Fig. 2.23(b)(d)) than can be achieved with the Cs-corrector turned-off (Fig. 

2.23(a)(c)). This implies that the spatial resolution in HAADF-STEM images as well as 

the detection efficiency in chemical analyses (i.e. XEDS and EELS) can be significantly 

improved.[38] A good example is shown in Figure 2.23 where the Si <110> dumbbell 

structure with a 1.36Å interplanar spacing can easily be resolved in this probe corrected 

microscope.     

It should be noted that nowadays modern instruments can be corrected up to fifth 

order aberrations. The main limitations in the performance of an electron microscope lie 

with higher order aberrations (i.e. chromatic aberration), microscope instabilities and the 
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local environment of the microscope (e.g. the mechanical and electromagnetic noise and 

thermal fluctuations).  

 
Figure 2.23 Simulated probe intensity distributions (row 1) and HAADF-STEM images 
of Si <110> dumbbell structure with a 1.36Å interplanar spacing (row 2) in the un-
corrected condition (column 1) and corrected condition (column 2). The corrected probe 
has a significantly higher beam current and a considerably smaller probe size.[38] 
 

2.8.2 Example applications of STEM based techniques to complex oxide materials 

Recently STEM based techniques, such as STEM imaging (e.g. HAADF-STEM) 

and STEM chemical analysis (i.e. STEM-XEDS and STEM-EELS), are attracting more 

and more attention from academic researchers for the study of catalyst materials (e.g. 

metal nanoparticles, supported metal oxides and complex oxides). A number of 

applications using STEM based techniques have been reported. Herzing et al.[39] used 

aberration-corrected HAADF-STEM methods to indentify the active catalytic species in 
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the iron oxide supported gold CO oxidation catalysts to be Au bilayer clusters. Later 

using the similar approach Zhou et al.[40] were able to detect the presence of sub-

nanometer Zr-WOx clusters on the WO3/ZrOx(OH)4-2x catalysts and determined them to 

be the active species involved in the light alkane isomerization. However, very few 

successful HAADF-STEM studies of the active species in complex oxide catalyst 

materials have been reported. This is partly because of the extreme electron beam 

sensitivity of the complex oxide materials,[2] and more importantly because the possible 

active sites normally have a similar atomic number to that of the inactive matrix (e.g. the 

possible active V4+/V5+ redox couple in the disordered surface layer on the (VO)2P2O7 

material). Hence they cannot stand out as brighter features in the HAADF-STEM 

micrographs.  

STEM based chemical analysis of complex oxide catalysts, on the other hand, has 

been reported a few times. Using STEM-XEDS, Söderhjelm et al.[41] were able to 

observe the enrichment of Mo at the surface of an Fe2(MoO4)3 particle. As shown in 

Figure 2.24, the Mo/Fe ratio is higher at the periphery (~2.1) as compared to the lower 

ratio (~1.5) in the center. House et al.[42] produced a stoichiometric Fe2(MoO4)3 catalyst 

by the co-precipitation of iron nitrate and ammonium heptamolybdate. Using STEM-

EELS they observed an enrichment of Mo on the surface of the Fe2(MoO4)3 particles. As 

shown in Figure 2.25, a STEM-EELS line profile is drawn across the iron molybdate 

particle. On the surface the particle, a greater amount of Mo with a corresponding lower 

amount of Fe is detected indicating that the surface is enriched in Mo.  
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Figure 2.24 The Mo/Fe ratios of a Fe2(MoO4)3 crystal determined by STEM-XEDS line 
scan analysis in the fresh catalyst.[41] 
 

  
Figure 2.25 (a) BF- and HAADF- STEM micrographs of the iron molybdate particle; (b) 
Mo, Fe and O EELS signals across the line profile in (a).[42] 
 

One of the most successful applications of the HAADF-STEM technique is on the 

Mo-V-Nb-Te-O complex oxide catalyst. Although this material is not within the scope of 

this thesis, it is still worth introducing it in order to illustrate the power and potential of 

the STEM imaging technique for the study of complex oxide catalysts. As noted 
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previously the Mo-V-Nb-Te-O catalyst system consists of two phases (i.e. the M1 and 

M2 phases), which are used for the propane ammoxidation.[22] HAADF-STEM 

experiments performed on the aberration-corrected JEOL 2100F microscope were able to 

provide atomic scale structural information on the cation arrangement in the M1 phase 

which agrees with its proposed atomic structural model (Fig. 2.26(a)(b)).[43] Pyrz et al.[43] 

observed the partial occupancy of Te in the heptagonal channels as predicted by the 

Rietveld model (Fig. 2.26(c)(d)). A good agreement between the HAADF-STEM 

micrograph and the M1 unit cell is shown in Figure 2.26(e).  

 
Figure 2.26 (a) HAADF-STEM micrograph of the [001] projection of the M1 phase, (b) 
the atomic model of the M1 phase, (c) HAADF-STEM micrograph showing areas with 
the occupied heptagonal channels and (d) the corresponding BF-STEM micrograph 
showing the same filled heptagonal channels, (e) enlargement of (c) with a M1 model 
superimposed; (f) Plot of the x,y coordinates from the refinement against the coordinates 
obtained from the STEM micrograph; (g) Comparison of contrast and occupancies 
calculated from STEM experiment with those from the Rietveld refinement.[43]  
 

The HAADF-STEM micrograph also allowed them to verify the x,y coordinates 

of the unit cell (Fig. 2.26(f)). In addition the Z-contrast ratios on each cation position 
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rendered by the HAADF technique matches with those expected by the Rietveld model 

(Fig. 2.26(g)). Using such STEM techniques, Pyrz and co-workers[44,45] then studied the 

M2 phase of the Mo-V-Nb-Te-O catalyst system and the Nb or Ta substitution into the 

M1 phase. 

2.9 Conclusions 

A wide variety of electron microscopy methods have been introduced in this 

Chapter, as well as their recent applications to various complex oxide catalyst materials 

of relevance to this thesis. As demonstrated in various experiments, each electron 

microscopy approach is able to reveal some aspects of the structure and/or chemical 

composition of the complex oxide heterogeneous catalysts. In order to obtain a fuller 

characterization of the catalyst materials of interest in this thesis, a few more 

complementary characterization techniques are necessary, which will be described briefly 

in the next chapter. 
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Chapter 3 Experimental Methods 

3.1 Introduction 

This chapter describes the experimental methods, in addition to conventional 

SEM/TEM, used throughout the course of this study. It begins with an introduction to X-

ray ultra-Microscopy (XuM) and energy-filtered transmission electron microscopy 

(EFTEM), which have rarely been used in the past for the characterization of complex 

oxide catalyst materials. Then the image simulation and image processing software 

programs used in this project are introduced. The general electron microscopy approaches 

employed in the project, as well as the sample preparation methods for electron 

microscopy studies are also briefly described. The various catalytic testing methods used 

in this project are then discussed. Finally complementary characterization techniques 

such as BET surface area measurement, X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS) and Laser Raman spectroscopy (LRS) are briefly outlined at the end 

of the chapter. 

3.2 X-ray ultraMicroscopy  

X-ray ultra-Microscopy (XuM) is a technique carried out within the environment 

of a scanning electron microscope (the FEI XL30 ESEM). XuM can provide high spatial 

resolution X-ray images of the internal structure of samples without having to section or 

damage the material. A schematic diagram of the main components of the XuM is 

presented in Figure 3.1(a). It has three major parts, namely (i) the target (X-ray source), 

(ii) the sample and (iii) the X-ray detector. The X-rays are generated as the electron probe 

is focused onto a metal foil target (e.g. Pt). This provides a point source of X-rays which 
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can then pass through a nearby sample and generate a projection image on an X-ray 

sensitive CCD camera.  

 

 
Figure 3.1 Schematic diagrams of (a) the main components of the XuM[1] and (b) the 
point-projection microscope geometry employed in XuM. A VPO/SiO2 sphere is used as 
an example specimen in this schematic. 
 

The point-projection microscope geometry employed in XuM (Fig. 3.1(b)) means 

that the magnification of an XuM image is determined by the following equation 3.1:- 

M = (R1 + R2)/R1               (3.1) 

b 
 

a 
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where R1 is the distance between the X-ray source and the particle under investigation 

and R2 is the distance between the particle and the X-ray detector.  

XuM micrographs include contributions from both absorption and phase contrast. 

Absorption contrast is largely determined by the difference in densities of the sample, 

where a denser material results in darker region in the X-ray image. Phase contrast arises 

directly from the wave properties of X-rays. Areas with a sharp refractive index change 

such as edges, boundaries and cracks, show such phase contrast because of the phase shift 

it induces in the X-rays. Additionally using the XuM technique it is possible to 

reconstruct a 3-dimensional representation of samples by acquiring a systematic 

rotational set of XuM images. More details about the XuM technique can be found in 

references.[1,2] This method has been used in this work for the study of V-P-O/SiO2 

core/shell morphology particles in Chapter 5. 

3.3 Energy-filtered transmission electron microscopy  

Energy-filtered transmission electron microscopy (EFTEM) is probably one of the 

most powerful AEM techniques. During the electron beam-specimen interaction, both 

elastic and inelastic scattering of incoming electrons can occur. The inelastically scattered 

energy-loss electrons can be used to obtain an EELS spectrum as described in sub-section 

2.4.2. However by placing an energy filter in the microscope, one can select electrons 

within a specific energy range to form either an image or a diffraction pattern. Two types 

of energy filters are commercially available, namely the in-column Ω filter and the post-

column Gatan imaging filter (GIF).[3,4] The JEM-2200FS microscope at Lehigh 

University is equipped with an in-column Ω filter, which is situated between the 
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intermediate lens and projector lens as shown in Figure 3.2(a). The filter is composed of 

four magnetic prisms arranged in a Ω shape and an energy selecting slit at the outlet of 

the filter. This slit is used to select a desired energy window and exclude undesired 

electrons, and acts like the objective aperture in a conventional TEM. As shown in Figure 

3.2(b) in a typical EFTEM imaging experiment, electrons passing though the specimen 

are dispersed laterally by the filter and only electrons in a desired range of energy 

determined by the energy slit can pass onto the detector to form a EFTEM image.  

          
Figure 3.2 Schematic illustrations of (a) an in-column Ω filter located in a TEM and (b) 
steps necessary to form an EFTEM image.[3]  
 

Depending on the energy range selected, the EFTEM image may contain spatially 

resolved chemical information and/or electronic information of the specimen. It should be 

noted that the spatial resolution of EFTEM imaging, which is around 1 nm in practice,[5] 

a b 
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is not as good as that obtainable in the HR-TEM or HAADF-STEM techniques. This 

EFTEM technique has been used for the study of Fe-Mo-O materials in Chapter 7. 

3.4 Image simulation techniques 

The computer simulation of HR-TEM and HAADF-STEM images has now 

become a routine tool allowing one to determine the object transmission function for a 

given electron beam and facilitating the calculation of an image intensity distribution 

with regard to different specimen thicknesses and microscope operating conditions. 

Through image simulations one can better understand the detailed microstructure 

observed in the image and relate it with greater confidence to the real material structure. 

Especially for HR-TEM experiments, it is well known that the intensity distribution in an 

HR-TEM image varies with parameters such as the specimen thickness, the defocus of 

the objective lens, the tilt angle of the crystal and many other operating parameters. This 

makes the image simulation step very important in the interpretation of HR-TEM images. 

A good example is presented in Figure 3.3 which shows how the intensity distribution in 

the HR-TEM image of the Rh/CeO2 catalyst particle changes with variations in the 

specimen thicknesses and defocus values.  For HAADF-STEM, the intensity distribution 

of the image does not vary as dramatically as that in HR-TEM, and in most instances it 

remains roughly consistent as the specimen thickness and defocus values change. 

Nevertheless HAADF-STEM simulations can provide a good reference for the improved 

understanding of the structural details in a given material (e.g. the intensity ratio between 

neighboring atomic columns with different atomic numbers).[6] 
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Figure 3.3 Simulated HR-TEM images of the Rh/CeO2 catalyst particle with the CeO2 
support thickness varying from 3 to 15 nm at defocus values 50 nm (row 1) and 70 nm 
(row 2), respectively. Pay attention to the image contrast variation of the CeO2 support in 
both sets of images.[7]  
 

In a TEM (or STEM), electrons pass through the specimen, and in most cases they 

will undergo dynamical scattering as they interact with the specimen. The two principal 

methods utilized in calculating electron microscopy images (both HR-TEM and STEM) 

are known as the Bloch wave method and the multi-slice method, which will be outlined 

briefly in the following sub-sections. Both techniques have been described in 

considerable detail in books authored by De Graef[8] or Kirkland[9].  

3.4.1 The Bloch wave method 

Inside a crystalline material, the electron wave function is treated as a Bloch wave, 

which satisfies the time-independent Schrödinger equation and is in a periodic potential 

having the symmetry of the crystal. This Bloch-wave expression of the Schrödinger 

equation is shown as below:- 

{Ҡ2 -│k(j) + g│2  } Cg
(j) + ∑h≠g Ug-h Ch

(j) = 0          (3.2) 

Rh 

CeO2 
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where Ҡ is the wavevector of the electron inside the specimen, C(j)  is the plane wave 

amplitude for the jth Bloch wave and Ug-h is the component of the inner potential. This 

expression illustrates how the crystal potential (the U terms) interferes with each one of 

the Bloch waves (their amplitudes: the C terms), which is known as the dynamical 

coupling.  

In order to solve this electron wave equation, a large number of the eigenvectors 

and eigenvalues in matrix algebra are required. This mathematical approach is described 

in detail by De Graef.[8] It is worth mentioning that this Bloch wave method is time 

consuming and best suited for simulations of a small perfect crystal.   

3.4.2 The multi-slice method 

As suggested by its name, in the multi-slice method the crystal is divided into 

many thin slices, each of which meets the weak phase object approximation (WPOA). 

Hence the electron wave function can be expressed as the convolution between the 

transmission function (of the electrons travelling through the thin slices) and the 

propagator function (of the electrons propagating in the vacuum between these slices). 

This method is useful in both crystalline and nearly amorphous materials. By applying an 

efficient fast Fourier transform (FFT) routine, computing time can be reduced to an order 

of magnitude compared to the Bloch wave method. The details of the multi-slice method 

and the FFT routine have been described by Kirkland.[9] A simple schematic illustration 

of the multi-slice theorem is shown in Figure 3.4. 



109 

 

 
Figure 3.4 Schematic illustration of the multi-slice method. (a) Specimen, (b) the 
specimen divided into many thin slices and (c) each pair of the slice and the vacuum acts 
as a transmission step in the slice and a propagator within the vacuum.[9] 
 

3.5 Software used in this project 

A number of image simulation and image processing software programs have 

been used throughout the course of our studies, namely xHREM, CaRine, VESTA, 

DigitalMicrograph and ImageJ. 

xHREM 

For the STEM simulations presented in this project, a FFT-multislice simulation 

suite - xHREM (v3.5) developed by Dr. Ishizuka from HREM Research Inc. was used. 

Basically two steps are needed in a STEM simulation: (i) the input data for the scattering 

calculation are prepared by the “MultiGUI” routine in the simulation suite and (ii) after 

the multi-slice calculation, the STEM images can be generated using the “STEMimage” 

routine. It should be noted that the interaction between probe and specimen is calculated 

at each point for each slice. Details of this simulation suite can be found in 

references.[10,11] In this program the key parameters which need to be defined with some 

care are:- 

(i) Specimen parameters, such as lattice parameters, space group, atomic 

coordinates and numbers of unit cells (thickness of specimen). 

incident electrons incident electrons incident electrons 

vacuum 

vacuum 



110 

 

(ii) Sampling size, such as the scan step, the super-cell size and the slice thickness. 

(iii) Instrumental parameters, such as condenser lens aperture size, Cs, defocus 

value and detector radius. 

Other crystallographic and image processing software used throughout this 

research program are listed as follow:- 

CaRIne 

CaRIne Crystallography (v3.1) is a windows-based crystallographic software 

developed by Boudias and Monceau in 1989[12], which was mainly used as a reference 

resource for crystal structure simulation and analysis tasks, including stereographic 

projections, powder X-Ray diffraction, reciprocal lattices and (hkl) plane-spacing 

calculations. In this dissertation, CaRIne was used for generating 2D representations of (i) 

V, P, O atoms in specific V-P-O phases, (ii) Nb, P, O atoms in specific Nb-P-O phases 

and (iii) Fe, Mo, O atoms in particular Fe-Mo-O phases. In addition to this, simple 

calculations of structure factors, interplanar distances and interplanar angles between 

different lattice planes were performed using this software. Furthermore, theoretical 

powder XRD patterns and kinematical electron diffraction patterns can be generated via 

structure factor calculation for given structures. This can be used as a reliable reference 

for indentifying various V-P-O, Nb-P-O and Fe-Mo-O phases encountered in this study. 

VESTA  

VESTA (Visualization for Electronic and STructural Analysis) is a 3D 

visualization program for structural models, volumetric data and crystal morphologies 

which was developed by Momma and Izumi.[13] In this project, VESTA was used to 
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render 3D atomic models of V-P-O phases (i.e. VOPO4·2H2O and VOHPO4·0.5H2O) 

described in Chapter 4. 

DigitalMicrograph 

DigitalMicrograph is a software package provided by Gatan Inc., which was used 

to acquire, process, analyze and present image and spectrum data in TEM and STEM.[14] 

It was also used to acquire Fourier Transforms (FTs) from digital HR-TEM and STEM 

images via a Fast Fourier Transform (FFT) function. The FFTs obtained were compared 

to electron diffraction patterns of a given structure in order to facilitate phase 

identification of materials. Additionally noise in HAADF-STEM images could be 

reduced using the low-pass filtering function in DigitalMicrograph. 

ImageJ 

ImageJ is a free of charge, java-based image processing program developed at the 

National Institute of Health. More details of ImageJ can be found at this link 

http://rsbweb.nih.gov/ij/index.html. In this study, ImageJ was used to generate line 

intensity profiles in simulated HAADF-STEM images of Nb-P-O materials.  

3.6 Electron microscopy approaches employed in this project 

A wide variety of electron microscopy techniques have been used throughout this 

project. SEM micrographs were obtained on three scanning electron microscopes: namely 

(i) a FEI XL30 ESEM equipped with a thermionic tungsten gun operating at 10 kV (at 

Lehigh University), (ii) an Hitachi S-4300LV SEM equipped with a Schottky field 

emission gun operating at 5 - 20 kV (at Lehigh University), and (iii) an Hitachi 326YO-N 

SEM operating at 20 kV (at Cardiff University) 
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TEM experiments such as BF-TEM imaging, SAED analysis and HR-TEM 

imaging were carried out using (i) a JEOL JEM-2000FX microscope equipped with a 

thermionic LaB6 source operating at 200 kV and (ii) a JEOL JEM-2200FS microscope 

equipped with a Schottky field-emission source, CEOS Cs-corrector and an in-column 

energy filter operating at 200 kV. 

STEM based techniques, such as BF-/HAADF-STEM and STEM-XEDS analysis 

were performed on a JEOL JEM-2200FS microscope equipped with a Schottky field-

emission source and the CEOS Cs-corrector operating at 200 kV. This microscope is 

equipped with a Thermoelectron XEDS detector (loaded with the Noran System 6 

software) having a 0.13 sr. collection solid angle.  

XuM micrographs were taken on a FEI XL30 ESEM equipped with a tungsten 

filament. In the experiment, a large spot size, high current electron probe was used to 

generate the highest possible X-ray fluxes from the Pt foil target, which is a requirement 

for the XuM technique. Intact, non-sectioned V-P-O/SiO2 spheres were glued 

individually to the tip of a carbon fiber/epoxy needle, and then were investigated using 

the XuM technique in order to reveal their internal structures by a combination of 

adsorption and phase contrast. 

EFTEM experiments were performed on a JEOL JEM-2200FS microscope 

equipped with an integrated in-column Ω filter and a Schottky field emission gun (FEG) 

operating at 200 kV. It should be noted that the electron gun voltage needs to be 

increased a few kV (i.e. 1-2 kV) in an EFTEM experiment in order to keep the energy-

loss electrons “on-axis”- a process which is termed illumination compensation.  
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3.7 Sample preparation for electron microscopy  

Samples for investigation using scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), or scanning transmission electron microscopy 

(STEM) were prepared as described below:- 

SEM sample preparation: In this project most of the complex oxide materials 

are insulating in character, so a conductive coating is needed in order to reduce charging 

effects and to enhance the resolution of SEM images. The catalyst powders were 

mounted onto an aluminum SEM stub using carbon tape and sputtered with conductive 

materials, such as iridium or carbon, to form a 3-5 nm thick conductive layer on the 

sample in order to mitigate the effects of sample charging. 

TEM/STEM sample preparation: In the ‘wet-method’ of preparation, samples 

were dispersed in high purity ethanol (99.7 vol%) using an agate pestle and mortar. A 

drop of the resulting suspension was then deposited onto a carbon supported 300-mesh 

TEM grid (either holey or lacey carbon) and allowed to dry. An alternative method ( the 

so-called ‘dry-method’) is to grind the sample powders between two clean glass slides 

and then disperse them dry onto a carbon supported 300-mesh TEM grid (either holey or 

lacey carbon). Most of the TEM samples investigated using the JEOL JEM-2000FX 

microscope were prepared using the ‘wet-method’, which tend to give a very good 

dispersion of catalyst particles. The ‘dry’ method, on the other hand, was mainly used for 

preparing the TEM/STEM samples studied at high magnification in the JEOL JEM-

2200FS instrument. This latter method can effectively reduce the effect of carbon 

contamination on the TEM grids, originating from the organic solvent, which can be a 

problem in Schottky source instruments.  
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3.8 Catalytic performance measurements (at Cardiff University) 

3.8.1 Selective oxidation of n-butane to maleic anhydride over V-P-O catalysts 

Reactions were carried out in a fixed bed micro-reactor containing V-P-O catalyst 

(200 mg), typically at 400 °C with a 2000 - 3000 h-1 gas hour space velocity (GHSV). 

The feedstock composition was determined to be 1.5 - 1.7 % n-butane/air by calibrated 

mass flow controllers. The products were fed via heated lines to an on-line gas 

chromatograph for analysis. The reactor comprised of a stainless steel tube (internal 

diameter (I.D.) 8 mm) with the catalyst bed held in place by plugs of quartz wool. A 

thermocouple was located in the center of the catalyst bed and temperature control was 

typically ±1°C. Carbon mass balances of ≥ 95 % were typically observed. 

From the obtained data, n-butane conversion rate (Xbut.) and selectivity to MA 

(SMA), which were measured as percentages, can be calculated by the following equations: 

Xbut. (%) = 
����	 �� ������� ��������� �� ��� �������	 × ���

����	 �� ������� ��� ���� ��� �������
        (3.3) 

SMA (%) =  
����	 �� ������� ��������� �� �� × ���

����	 �� ������� ��������� �� ��� �������	
         (3.4) 

The catalytic performance can also be expressed as the MA yield (YMA) given by 

the equation 3.5. 

YMA = Xbut. * SMA               (3.5) 

The specific activity, which is the n-butane conversion per unit surface area of V-

P-O catalyst, was also used as a measure of catalytic performance. 
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3.8.2 Oxidative dehydrogenation of ethane to ethylene over Nb-P-O catalysts 

The catalytic activity of Nb-P-O materials for the ethane oxidation was 

determined at atmospheric pressure at a reaction temperature of 500 ºC, using a fixed bed 

quartz tubular reactor (I.D. 35 mm, length- 500 mm). The feed consisted of a mixture of 

C2H6/O2/He with a molar ratio of 3/1/6. The amount of Nb-P-O catalyst was varied from 

1 to 10 g in order to study a range of contact times. The catalyst bed volume remained 

constant for all experiments by dilution with SiC when appropriate. The total flow rate 

was fixed in all cases between 15 and 30 ml min-1. Two analyses at each reaction 

condition were carried out with a stabilization time of 60 minutes. Reactant and products 

were analyzed on-line by gas chromatography using two packed columns (2.5 m 

Molecular sieve 5 Å and 3 m Porapak Q). For comparative purposes, a blank run using 15 

ml min-1 was also conducted at 500 ºC. An ethane conversion of less than 0.4 % was 

obtained for the blank test.  

3.8.3 Selective oxidation of methanol to formaldehyde over Nb-P-O catalysts 

Methanol oxidation reactions were carried out in quartz tubular reactor (I.D. 35 

mm, length- 500 mm) containing 300 mg of Nb-P-O catalyst. The feedstock composition 

was determined by mass flow controllers to be a mixture of CH3OH/O2/He with a molar 

ratio of 5/10/85. The temperature of catalyst was varied from 300 to 500 °C at 50 oC 

intervals. Product analysis was carried out using a Varian VA Star 3400 CX Gas 

Chromatograph . Two columns were used in a series/bypass system: Carbosieve S-11 (3 

Meters) for analysis of O2, CO and a Proapak Q (1 meter) for the analysis of methanol, 

dimethyl ether, methyl formate, formaldehyde and CO2. A thermal conductivity detector 
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(TCD) was used for the detection of O2, CO2 and CO2, and a flame ionization detector 

(FID) was used for the detection of methanol, formaldehyde, methyl formate and 

dimethyl ether.  

3.8.4 Selective oxidation of methanol to formaldehyde over Fe-Mo-O catalysts 

Methanol oxidation reactions over Fe-Mo-O catalysts were carried out in a fixed-

bed quartz tube reactor under atmosphere pressure. The feedstock composition was 

determined by mass flow controllers to be a mixture of CH3OH/O2/He with a molar ratio 

of 6/10/84. The temperature of reactor was controlled and measured by a thermocouple 

fixed in the center of the catalyst bed. The inlet and outlet lines were heated to prevent 

condensation of liquid methanol and products. The raw material and products were 

analysed by an on-line Varian Star 3400 CX gas chromatograph with a TCD and FID. 

Two in-parallel columns, one (Carbo-sieve) for O2, CO and CO2, and another (Propack Q) 

for CH3OH, HCHO, CH3OCH3 and HCOOCH3, were used to separate the reactor 

effluents.     

3.9 Complementary characterization techniques (carried out at Cardiff 

University) 

3.9.1 Surface area measurements 

The surface area of a solid catalyst has a profound influence on its catalytic 

activity. It is imperative to determine the surface area of a given catalyst material when 

evaluating its performance. One of the most widely used surface area measurements is 

BET method, which was discovered by Brunauer, Emmett and Teller in 1938[15] and was 

further optimized by Ross and Olivier[16]. The surface area (SBET) can be detected via the 
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volumetric measurement of the physical adsorption isotherm of a gas such as nitrogen. At 

the measurement temperature chosen, the equilibrium pressure of the adsorbate gas - p 

and its saturation pressure (typically at -196°C in this project) - p0 are measured. A plot 

of p/[V(p0-p)] on the y-axis versus p/p0 on the x-axis is made according to the BET 

equation 

p

V×(p0-p)
=

1

c×Vm
+

!c-1"

c×Vm
(

p

p0
)            (3.6) 

where c is a constant, V is the adsorbed gas volume and Vm is the monolayer adsorbed 

gas volume. The linearity p/p0 of this BET equation is maintained between 0.05 and 0.35. 

Vm can be deduced from the slope and the y-intercept of the plot, which is then 

introduced into the equation 3.7 to determine the surface area SBET. 

SBET = VmN/M             (3.7) 

where N is Avogadro’s number and M is the molar volume of the adsorbate gas. In this 

project BET surface areas were measured by nitrogen adsorption at -196 °C on a 

Micromeritics Gemini instrument.  

3.9.2 X-ray diffraction  

X-ray diffraction (XRD) is one of the most important and widely used techniques 

for characterizing the crystal structure of a material. The structural analysis is performed 

based on the measured X-ray diffraction from a periodic crystal structure where a long-

range order exists. This X-ray diffraction follows Bragg’s Law, 

nλ = 2dhklsinθ               (3.8) 

In equation 3.8, n is an integer, λ is the wavelength of the incident X-ray, dhkl is the 

spacing between the specific hkl planes and θ is the angle between the incident X-ray and 
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the scattering planes. Since λ is comparable to the interplanar spacing of most crystalline 

materials (i.e. V-P-O, Nb-P-O and Fe-Mo-O in this project) and the periodic lattice 

planes act as a diffraction grating for the incident X-rays. The formation of a set of 

diffracted beams from a given crystal lattice is similar to that encountered in electron 

diffraction in terms of the structure factor equation. The atomic form factor (also known 

as atomic scattering factor) is numerically different in X-ray diffraction as compared to 

electron diffraction, since X-rays are only scattered by the electron cloud surrounding the 

nucleus of an atom. By varying the angle 2θ (typically from 10 to 80° in our studies),  the 

diffracted X-ray signal is collected for each angle, from which a continuous spectrum is 

generated showing X-ray intensities plotted against 2θ angular range. A detailed 

description of the XRD technique can be found in the book authored by Warren.[17] 

In this project, XRD was mainly used for identifying the various phases and 

polymorphs present in V-P-O catalysts, Nb-P-O catalysts and Fe-Mo-O catalysts and 

determining the degree of crystallinity of such phases. In all cases, the possible presence 

of amorphous materials and trace amounts of other crystalline phases also needs to be 

considered. The acquisition of XRD patterns was performed using a PANalytical X’Pert 

Pro fitted with an X’Celerator detector and a CuKα X-ray source (λ = 1.54 x 10-9 Å) 

operated at 40 kV and 40 mA. The identification of various phases was aided by use of 

the ICCD database and whenever necessary was compared with reported XRD spectra of 

standard phases.  
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3.9.3 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is one of the most widely used techniques for quantitative 

surface analysis. Because of its shallow analysis depth (i.e. 1-10 nm), XPS can also 

provide essential information on the surface chemistry of a catalyst, such as the surface 

composition and oxidation state of surface atoms. In a typical XPS experiment (Figure 

3.5), the specimen is illuminated with a monochromatic X-ray beam with an energy of 

typically few keV. This illumination gives rise to the ionization of surface atoms within 

the specimen by ejecting orbital electrons, which are also called photoelectrons. The 

kinetic energies (Ek) of these ejected photoelectrons are recorded by a spectrometer. In 

this process, part of the energy of the incident X-ray photons is transferred to the kinetic 

energy of emitted photoelectrons according to equation 3.9:- 

hv = Ek + Eb + W             (3.9) 

where hv is the energy of the incident X-ray photons, Eb is the binding energy of the 

emitted photoelectron and W is the work function of the material under investigation. 

This technique has been described in detail in a book authored by Barr.[18] 
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Figure 3.5 Schematic diagram showing the formation of a X-ray photoelectron from an 
O atom in an XPS experiment.[18]  
 

In this project X-ray Photoelectron Spectroscopy (XPS) measurements were made 

on a Kratos Axis Ultra DLD, using monochromatised Al Kα radiation, and analyser pass 

energies of 160 eV (for survey scans) or 40 eV (for detailed scans). Samples were 

mounted using double-sided adhesive tape; binding energies are referenced to the C(1s) 

peak from adventitious carbonaceous contamination, assumed to have a binding energy 

of 284.7 eV. The XPS technique was used in the analyses of the V-P-O/SiO2 particles 

and Nb-P-O materials studied in this project. 

3.9.4 Laser Raman spectroscopy 

Raman Spectroscopy is an optical technique which detects vibrational, rotational 

and other low-frequency movements in a molecule. When monochromatic light of 

frequency v0 impinges on a molecule, the incident photons can interact with the molecule. 

The molecule can be excited from the ground state to a virtual energy state, which then 

subsequently relaxes and emits a photon. Normally three different excitation and 

relaxation paths can occur (see Fig. 3.6): 

e- 

O2s photoelectron, Ek 

X-ray photon 
hv 

 

2p 1s 2s 
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(i) the re-emitted photon is at the same energy level with the incident photon (v = 

v0, ∆v = 0), which is called Rayleigh or elastic scattering; 

(ii) the incident photon loses some of its energy to molecular vibrations giving 

rise to a lower energy re-emitted photon (v < v0, ∆v < 0), which corresponds to a Stokes 

line; 

(iii) the incident photon gains some energy from molecular vibrations giving rise 

to a higher energy re-emitted photon (v > v0, ∆v > 0), which corresponds to an anti-Stokes 

line. 

The latter two paths are known as Raman scattering, which are independent of the 

exciting light source and give rise to a characteristic Raman shift of the re-emitted 

photons. These characteristic Raman shifts can be used as finger-prints to identify 

different low-frequency movements (i.e. vibrational, rotational and stretching modes) 

occurring in a particular molecule. Because of the low efficiency of the Raman scattering 

process, the use of an intense excitation source, namely an Ar+ laser is required.  

Laser Raman spectroscopy (LRS) is a good technique for the investigation of 

complex oxide catalysts in this research program. It can be used to determine the 

presence of different phases via the detection of characteristic movements of a given 

oxide material. LRS is also a well-suited technique for the in-situ study of catalysts under 

reaction conditions and can provide details of surface structure and phase transformations. 

Additionally LRS can be used to detect and analyze surface chemisorbed species and 

reaction intermediates of a catalytic reaction, which can in some instances reveal the 

reaction mechanism. Further details of the Raman spectroscopy technique can be found 

in a book authored by Colthup et al.[19] In this project, Laser Raman spectroscopy was 



122 

 

used to identify the V-P-O and Fe-Mo-O phases. Laser Raman spectra were obtained on 

a Renishaw System 1000 Ramascope spectrograph fitted with a green Argon ion (Ar+) 

laser (λ = 514.532 nm). 

 
Figure 3.6 Energy level diagram summarizing a photon-molecule interaction showing 
three typical excitation and relaxation processes in Raman spectroscopy.[19]  
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Chapter 4 Obtaining a better understanding of VPD method by 

adding alkanes during the alcohol reduction of VOPO4·2H2O  

4.1 Introduction 

Several preparation methods for V-P-O catalysts have been developed and are 

now considered as standard, namely (i) the direct reduction of V2O5 by refluxing in an 

aqueous (acidic) medium, termed the VPA route,[1,2] (ii) the reduction of V2O5 in an 

organic medium, known as the VPO route,[2] and (iii) a more recent method based on the 

reduction of VOPO4·2H2O with an alcohol, termed the VPD route.[2,3] The VPD route 

was investigated initially by Horowitz et al. for short chain alcohols,[4]and Ellison et al.[5] 

for longer chain alcohols. Horowitz et al.[4] reported that a rosette-type morphology was 

typical for catalysts prepared via the VPD method when using 2-methyl-1-propanol and 

other primary alcohols as the reducing agent.  

The use of secondary alcohols in the VPD route leads to discrete platelet type 

morphologies with much larger dimensions (2-4µm x 200 nm) than those prepared with 

primary alcohols, and tend to have much lower surface areas.[5] In the VPD case, 

catalysts having the rosette-type morphology, produced using primary alcohols, were 

found to be considerably more active than those displaying the platelet morphology due 

to the enhanced surface area.  

Reaction of VOPO4·2H2O with 3-octanol produces the VO(H2PO4)2 phase,[5] 

which is a completely different outcome to using primary and secondary alcohols. The 

VO(H2PO4)2 material displays distinctive cuboidal particles about 10 µm in size and has 

a low surface area of ca. 2 m2/g. The activity and selectivity of this VO(H2PO4)2 phase 
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for MA production is negligible under the reaction conditions encountered during 

standard fixed bed operation.[6] Removal of VO(H2PO4)2 from VOHPO4·0.5H2O by 

solvent extraction has been found to be beneficial whenever it was present as a minor 

impurity. Indeed most VOHPO4·0.5H2O preparations include boiling in water as a final 

step in order to remove water soluble impurities such as VO(H2PO4)2. The reason for this 

intriguing primary/secondary/tertiary alcohol effect on the structure and morphology of 

VPD derived materials has yet to be fully determined and is considered to be due to some 

kind of steric effects of the alcohols as they interact with the laminar structure of 

VOPO4·2H2O.  

There have been numerous studies[7-10] concerned with catalyst preparation using 

the VPD method, however, the factors that influence the formation of VOHPO4·0.5H2O 

or VO(H2PO4)2 from VOPO4·2H2O are still not well understood. In section 4.2, the 

addition of an alkane co-solvent during the reduction step of VOPO4·2H2O has been 

investigated, a variable which has not been considered in detail in any previous scientific 

publications and patents.  

It is well known that the VOPO4·2H2O phase has a layer-type structure in which 

the VO6 octahedra share their equatorial oxygen atoms with the PO4 tetrahedra and each 

of the VOPO4 sheets are connected by interlayer water molecules.[11] Hence the 

VOPO4·2H2O crystal is able, via water displacement, to accommodate organic molecules 

of various types between the layers, yielding a number of intercalation type compounds 

incorporating amine,[12] amide[13] and alcohol molecules.[14] Okuhara et al.
[15] have 

reported the intercalation and subsequent exfoliation and fracture of VOPO4·2H2O 

crystals using primary and secondary alcohols. This was achieved via low temperature 
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heating in the alcohol followed by a subsequent reduction step in which the exfoliated 

VOPO4·2H2O sheets fracture to yield a VOHPO4·0.5H2O precursor which had a 

distinctive nano-sized (~ 340 x 35 nm) blocky morphology. In addition, the 

nanocrystalline (VO)2P2O7 catalyst subsequently derived from this precursor was found to 

be highly active and selective for the oxidation n-butane to MA.[16] However limited 

studies have been performed on understanding the details of the phase transformation 

from VOPO4·2H2O to VOHPO4·0.5H2O. O’Mahony et al.
[17,18] tried to investigate the 

crystallization process of VOHPO4·0.5H2O in organic media using in-situ XRD, ex-situ 

XPS and ex-situ FIB studies. They proposed that rosette-type VOHPO4·0.5H2O is formed 

locally through the delamination and then the folding of platelet-type VOPO4·2H2O, in 

which an intermediate monohydrate phase (VOPO4·H2O) is generated. It should be noted 

that this scenario is just a hypothesis for explaining the formation of rosette-type 

VOHPO4·0.5H2O. It is well known that the VOHPO4·0.5H2O precursor and (VO)2P2O7 

activated catalysts have an epitaxial relationship, in which [001]VOHPO4·0.5H2O  // 

[100](VO)2P2O7 and [010]VOHPO4·0.5H2O  // [010](VO)2P2O7.[19] It is highly plausible that such an 

epitaxial relationship may be present between the VOPO4·2H2O and VOHPO4·0.5H2O 

phases. 

To extend the study observed in section 4.2, in section 4.3 we investigate the 

effect the specific order in which the alkane and alcohol are added during the reduction 

of VOPO4·2H2O during the production of V-P-O materials. This systematic study of the 

VPD method has enabled us to better understand the preparation-performance 

relationship in the V-P-O catalyst system. In addition, in section 4.4 further details of the 
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important phase transformation process from the VOPO4·2H2O to the VOHPO4·0.5H2O 

structure will be unveiled using electron microscopy techniques. 

4.2 Addition of alkanes during the alcohol reduction of VOPO4·2H2O 

4.2.1 Introduction  

In the VPD route, the preparation of VOHPO4·0.5H2O is usually carried out via a 

two-step procedure, whereby VOPO4·2H2O is prepared by heating an aqueous solution of 

V2O5 and H3PO4 under reflux in the first step, then the VOPO4·2H2O is reduced, usually 

in an alcohol, to form the VOHPO4·0.5H2O precursor. When the reaction between V2O5, 

H3PO4 and a reducing agent is carried out in excess phosphoric acid, VO(H2PO4)2 is 

found to be the major product.[20] This is perhaps unsurprising as a high P:V ratio in the 

starting material favours a product with a P:V ratio of 2. What is perhaps more surprising 

is the fact that VOPO4·2H2O with a fixed P:V ratio of 1 can be reduced with either 3-

octanol[20] or an aldehyde or ketone[6] to give VO(H2PO4)2.  

In this study adding an alkane co-solvent during the reduction of VOPO4·2H2O in 

the VPD route has been studied, which has not been considered in detail in any previous 

scientific publications. Using an inert co-solvent it was found that the product of the 

preparation can be either VOHPO4·0.5H2O or VO(H2PO4)2 depending on the reaction 

conditions. This enables a possible explanation for the formation of these two materials to 

be proposed. 
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4.2.2 Experimental 

4.2.2.1 Catalyst preparation 

Vanadium phosphate dihydrate (VOPO4·2H2O) was prepared by the standard 

method described by Johnson et al.[3] V2O5 (10.0 g, Aldrich) and H3PO4 (60 ml, Aldrich) 

were refluxed in water (120 ml) under reflux conditions for 24 hours. The yellow solid 

was recovered by vacuum filtration, washed with cold water (100 ml) and acetone (100 

ml) and dried in air for 24 h. 

 The VOPO4·2H2O was then reduced with alcohol (i.e. 1-octanol) in the presence 

of an alkane co-solvent (C4-C16). The synthesis was carried out by fixing the total volume 

of solvents whilst varying the alcohol/alkane ratio. The amount of VOPO4·2H2O was 

varied to keep a V:alcohol molar ratio of 1:50 while refluxing with a solvent mixture 

containing 0, 5, 15, 25, 50, 100, 125, 150, 160, 170 and 175 ml of alcohol and made up to 

a total volume of 175 ml with alkane (Table 4.1). The resulting solids were recovered by 

vacuum filtration and washed with alcohol (50 ml) and acetone (50 ml) and dried in air at 

110°C for 24 h.  

Table 4.1 Materials prepared by reacting VOPO4·2H2O with different amounts of 1-
octanol and octane while keeping a V:ROH mole ratio of 1:50.  

Material  VOPO4.2H2O (g) V:ROHa   1-Octanol  (ml) Octane (ml) 
O2-15 0.3 1:50 15 160 
O2-40 0.8 1:50 40 135 
O2-50 1.0 1:50 50 125 
O2-75 1.5 1:50 75 100 

O2-100 2.0 1:50 100 75 
O2-115 2.3 1:50 115 60 
O2-125 2.5 1:50 125 50 
O2-135 2.75 1:50 135 40 
O2-160 3.2 1:50 160 15 
O2-175 3.5 1:50 175 0 

a: Vanadium to alcohol molar ratio. 
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4.2.2.2 Materials characterization 

The materials were characterized using a combination of powder X-ray diffraction 

(XRD), BET surface area measurements, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Experimental details for these characterization 

methods have been described in Chapter 3, sub-sections 3.9.1, 3.9.2 and section 3.6, 

respectively. 

4.2.3 Results and Discussion 

Scanning electron microscopy (SEM) images (Fig. 4.1) confirm that the initial 

large flat plates of VOPO4·2H2O (Fig. 4.1, O2-15) progress to blocky, cubic VO(H2PO4)2 

(Fig. 4.1, O2-40, O2-50) as the amount of 1-octanol in the reaction mixture is increased. 

It can also be observed that as the mole fraction of alcohol in the solvent increases there 

is a shift in the resultant morphology of the VOHPO4·0.5H2O from platelets (Fig. 4.1, 

O2-75, O2-100, O2-115) to rosettes (Fig. 4.1, O2-125, O2-135, O2-160, O2-175). This 

progressive shift in morphology can also be observed in the XRD patterns (Fig. 4.2) with 

the platelet morphology producing an intense (001) reflection and rosettes 

characteristically having the (220) reflection as the dominant feature.[5,21] From these 

experiments it seems clear that the composition of the reduction solution has a major 

influence on which morphology/phase is formed.  



131 

 

 
 
Figure 4.1 SEM micrographs of the materials prepared by reacting VOPO4·2H2O with 
different amounts of 1-octanol and octane while keeping the V: ROH mole ratio of 1:50. 

O2-15 O2-50 O2-40 

O2-115 

O2-160 O2-135 

O2-100 

O2-175 

O2-125 

O2-75 



132 

 

20 40 60

2θ degrees

O2-175

O2-160

O2-135

O2-125

O2-115

O2-100

O2-75

O2-50

O2-40

O2-15

 
Figure 4.2 The XRD patterns of the materials prepared using different amounts of 1-
octanol and octane as solvent with a V:ROH ratio of 1:50. Key: ■ = VOHPO4·0.5H2O; □ 
= VO(H2PO4)2; ● = VOPO4·2H2O.  
 

Detailed TEM studies were performed on the various crystallite morphologies 

noted in Figure 4.1 in order to carry out phase identification, measure crystallite 

dimensions, and characterize facet termination planes. Representative BF-TEM 

micrographs and selected area diffraction patterns (SADPs) obtained in this study are 

presented in Figure 4.3. 

  The starting dihydrate material consisted of square platelets (Fig. 4.3(a)) that 

were typically 5 µm in diameter and 0.2-1.0 µm in thickness. Selected area diffraction 

patterns (SADPs) obtained from the platelet normal direction (Fig. 4.3(b)) could be 

indexed to the [001] projection of the tetragonal VOPO4·2H2O phase (Fig. 4.3(c)). The 
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edge facets of the square platelets, each with a 90° intersection angle, correspond to 

alternating {110}-type planes around the [001] axis.  

Characteristic square or rectangular block-type crystal morphologies (Fig. 4.3(d)) 

were produced when using high amounts of octane as a co-solvent (i.e. O2-40 and O2-50). 

The SADP from such a particle (Fig. 4.3(e)) matched to the [001] projection of tetragonal 

VO(H2PO4)2 (Fig. 4.3(f)). These crystallites were typically about 1 µm x 1 µm x 2 µm in 

dimension and presented (001), (010) and (100) facet termination planes. 

In the intermediate octane solvent range (i.e. O2-100 to O2-115) distinctive 

rhomboidal platelet crystals which had a tendency to stack together were noted (Fig. 

4.3(g)). The lateral dimensions of the major and minor axes of these platelets were 

typically 2 µm x 1 µm and their thicknesses were in the 0.03-0.2 µm range. SADPs (Fig. 

4.3(h)) from the platelet normal direction corresponded to the [001] projection of 

orthorhombic VOHPO4·0.5H2O (Fig. 4.3(i)). The edge facet termination planes of these 

angular platelets were {140} and {14�0}-type. 

 Characteristic rosette type structures were observed (Fig. 4.3(j)) in samples with a 

low amount of octane as a co-solvent (e.g. O2-125 to O2-175). The rosettes were 

typically about 2 µm in diameter and consisted of a complex radial stack of platelets that 

were 0.03-0.2 µm in thickness. Occasionally some of these platelets would break off 

allowing us to collect SADPs from individual ‘petals’ of the rosette (Figs. 4.3(k)(l)). 

Analysis of such SADPs allowed us to confirm that they were VOHPO4·0.5H2O and 

exhibited [001] platelet normals.  
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Figure 4.3 (a) BF-TEM micrograph, (b) experimental [001] SADP and (c) simulated and 
indexed [001] SADP from the cuboidal VOPO4·2H2O platelet. (d) BF-TEM micrograph, 
(e) experimental [001] SADP and, (f) simulated and indexed [001] SADP from the 
VO(H2PO4)2 cuboid. (g) BF-TEM micrograph, (h) experimental [001] SADP and, (i) 
simulated and indexed [001] SADP from the rhomboidal platelet morphology of the 
VOHPO4·0.5H2O. (j)  BF-TEM micrograph of the rosette, (k) BF-TEM micrograph of 
one ‘petal’ from the rosette, and (l) experimental [001] SADP of the ‘petal’ in (k) 
corresponding to the [001] projection of VOHPO4·0.5H2O.  
 

The precise alcohol: alkane volume ratio seems to be a key factor influencing the 

vanadium phosphate formed from the starting dihydrate phase. If we assume that the 
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VOHPO4·0.5H2O and VO(H2PO4)2 phase are synthesised through two different reaction 

pathways (Fig. 4.4), any changes in concentration of the alcohol could affect the reaction 

kinetics of the competing reactions and hence change the selectivity to a particular 

product. It was found during this study that VOHPO4·0.5H2O was only obtained with a 

high concentration of alcohol in the solvent mixture. It is proposed that the high 

concentration of alcohol results in a fast reaction rate between alcohol and VOPO4·2H2O 

and hence a faster reduction rate of V5+ to V4+. Therefore, it is suggested that 

VOHPO4·0.5H2O is obtained when the V4+: P ratio was kept at approximately 1:1 due to 

the fast reduction of V5+. Conversely, it was found that VO(H2PO4)2 was obtained with 

low concentrations of alcohol in the solvent mixture. The low concentration of alcohol 

results in a decreased reaction rate (between 1-octanol and VOPO4·2H2O) and a 

correspondingly slower reduction rate of V5+ to V4+. The slower reduction rate means that 

the V4+: P ratio is 1: >>1 and the excess phosphorus favours the formation of 

VO(H2PO4)2  which has a V: P ratio of 1:2. It can be concluded that the rate of reduction 

governs whether the V4+: P ratio in solution is close to 1:1 or 1: >>1, which in turn is the 

key factor in determining which phase is formed. Two proposed scenarios of material 

formation are shown in Figure 4.4.  

In this study, it has been discovered that by a relatively simple modification of the 

conventional VPD route, we can continuously and reproducibly go from the so-called E-

phase ((VO(PO3)2) blocky morphology - to the (VOHPO4·0.5H2O) platelet morphology - 

to the (VOHPO4·0.5H2O) rosette-type morphology. These crystal structure and 

morphological changes were shown to depend on the precise alcohol:alkane volume ratio 

in the reduction step. 
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Figure 4.4 Proposed scenarios for the formation of VO(H2PO4)2 and VOHPO4·0.5H2O 
from the reduction of VOPO4·2H2O with different alcohol/alkane mixtures.  
 

4.3 Effect of the order of alcohol/alkane addition in the co-solvent reduction of 

VOPO4·2H2O 

4.3.1 Introduction 

In the last section we have shown that the addition of an alkane co-solvent to the 

alcohol at the reduction stage in the VPD route can significantly influence the 

crystallinity and morphology of the resulting catalyst precursor. In this sub-section, 

vanadium phosphate catalysts have been prepared by reducing VOPO4·2H2O with n-

octane and 1-butanol in an autoclave reactor. The specific order in which the alkane and 

alcohol are added during the reaction is shown to have a profound effect on the precursor 

morphology and eventual catalytic activity of the final (VO)2P2O7 phase. Furthermore, 

through this study we have been able to elucidate the spatial orientation relationship 

between the VOPO4·2H2O and VOHPO4·0.5H2O crystalline phases. This information has 
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enabled us to propose a mechanism by which the important VOPO4·2H2O to 

VOHPO4·0.5H2O topotactic transformation occurs. 

4.3.2 Experimental 

4.3.2.1 Materials preparation 

Preparation of VOPO4·2H2O  

V2O5 (10 g, Aldrich) and H3PO4 (60 ml, 85%, Aldrich) were refluxed in distilled 

water (120 ml) under reflux conditions for 24 h. The yellow solid was recovered 

immediately by vacuum filtration, washed with cold distilled water (100 ml) and acetone 

(100 ml) and dried in air at 110 °C for 24 h.  

Reaction of VOPO4·2H2O with n-octane or (1-butanol) at 150°C. (Route A and B)  

The VOPO4·2H2O (2 g) was reacted with 1-butanol (46 ml, route A) or n-octane 

(46 ml, route B) in an autoclave at 150 °C (autogeneous pressure) for 24 h. The resultant 

solid was recovered by vacuum filtration, and then washed with acetone (100 ml) and 

dried in air at 110 °C. 

Reaction of VOPO4·2H2O with (1:1 1-butanol: n-octane mixture) (Route C)  

The VOPO4·2H2O (2 g) was reacted with 1-butanol (23 ml) and n-octane (23 ml) 

in an autoclave at 150 °C (autogeneous pressure) for 24h. The resultant solid was 

recovered by vacuum filtration, and then washed and dried in air at 110 °C. 

4.3.2.2 Catalyst testing 

The oxidation of n-butane was carried out in a fixed bed micro-reactor with a 

standard mass of catalyst (0.2 g). The catalytic conditions for testing the activity of V-P-

O catalysts have been described in sub-section 3.8.1.  
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4.3.2.3 Electron microscopy characterization 

Scanning electron microscopy (SEM), bright field transmission electron 

microscopy (BF-TEM) and selected area electron diffraction (SAED) analyses were 

performed on these V-P-O materials. Experimental details for these characterization 

methods have been described in Chapter 3, section 3.6. 

4.3.2.4 Complementary characterization techniques 

A number of complementary techniques were used to structurally characterize the 

materials produced, including BET surface area measurements, powder X-ray diffraction 

(XRD) and Laser Raman spectroscopy as described in Chapter 3, sub-sections 3.9.1, 

3.9.2 and 3.9.4, respectively.  

4.3.3 Results  

Characterization of the starting VOPO4·2H2O material 

The standard VOPO4·2H2O (V5+) material prepared using the VPD route typically 

consists of square platelets (Fig. 4.5(a)) that range from 4 - 60 µm in size and 0.2 - 1.0 

µm in thickness and exhibit a layer-type structure (Fig. 4.5(b)). The surface area of such 

materials is typically about 1 m2/g. Selected area electron diffraction (SAED) patterns 

obtained from the platelet normal direction (Fig. 4.5(d)) can be indexed to the [001] 

projection of the tetragonal VOPO4·2H2O phase (Fig. 4.5(e)).[11] The termination facets 

of the square platelets, each with a 90o intersection angle, correspond to alternating 

{110}- type planes around the [001] axis of VOPO4·2H2O (Fig. 4.5(c)). The XRD 

patterns (Fig. 4.5(f)) of this material show that all the peaks can be assigned to 
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VOPO4·2H2O with the dominant reflection at 12.1˚ (d-spacing = 7.27 Å) corresponding 

to the (001) plane. 

 
Figure 4.5 SEM micrographs of  standard VOPO4·2H2O crystals showing (a) their 
square platelet morphology and (b) an edge-on view of their layer-type structure; (c) BF-
TEM micrograph of a VOPO4·2H2O platelet showing {110}- type termination facets, (d) 
its corresponding SAED pattern which matches to the [001] projection of VOPO4·2H2O 
and (e) simulated and indexed SAED pattern in the [001] projection of VOPO4·2H2O; (f) 
typical XRD pattern obtained from the VOPO4·2H2O material.  
  

{110} 

a 

e d 

c b 

f 
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Starting from the standard square VOPO4·2H2O material, three different reaction 

protocols, denoted as routes A, B and C, were used to generate catalyst precursors 

VOHPO4·0.5H2O (V4+) as shown in Figure 4.6. The primary difference between these 

routes is the order in which the 1-butanol/n-octane has been added to the VOPO4·2H2O 

slurry. In route A, 1-butanol was added first, followed by n-octane. In route B, the 

sequence is reversed i.e. n-octane was added first followed by 1-butanol. In the route C 

preparation, both n-octane and 1-butanl were added simultaneously to the VOPO4·2H2O 

slurry. 

 
Figure 4.6 Schematic diagram summarizing the various combinations of alcohol and 
alkane addition during the dehydration of VOPO4·2H2O explored in this work. 
 
XRD characterization of the VOHPO4·0.5H2O materials derived through Routes A, 

B and C 

Figure 4.7(a) shows the XRD patterns of the final precursor materials (VPD-B, 

VPD-BO, VPD-OB and VPD-M) generated via routes A, B and C and the intermediate 

material (VPD-O) produced in route B, respectively. In each case for the four precursor 

materials, all the reflections can be indexed to VOHPO4·0.5H2O. The predominant (220) 
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reflection in the XRD spectrum from sample VPD-B is characteristic of the rosette-type 

precursor morphology usually prepared by the standard VPD route using 1-butanol as the 

reducing agent. After refluxing with n-octane, precursor VPD-BO remained crystalline 

VOHPO4·0.5H2O, as determined by XRD, showing a similar XRD pattern to that of 

material VPD-B, indicating that n-octane does not further alter the crystalline structure of 

VOHPO4·0.5H2O. In route B when the starting VOPO4·2H2O material was mixed with n-

octane to form the intermediate material VPD-O, it retained its VOPO4·2H2O crystalline 

structure as shown in Figure 4.7 (a, VPD-O) and Figure 4.7(b). The characteristic Raman 

shifts of VOPO4·2H2O (Fig. 4.7(b)) are found at 1033 cm-1 (V-O-P stretch), 990 cm-1 (V-

O stretch) and 943 cm-1 (P-O stretch of PO4 tetrahedra).[22,23] The subsequent reduction of 

sample VPD-O in 1-butanol generates a material whose dominant reflection in the 

VOHPO4·0.5H2O XRD pattern is no longer (220) but instead is (001). The high 

(001)/(220) peak ratio in the XRD spectrum of VPD-OB is typical of a platelet (as 

opposed to rosette) type morphology VOHPO4·0.5H2O material. This indicates that the 

VOPO4·2H2O material treated with n-octane (VPD-O) undergoes a different reduction 

process in route B compared to route A, where the VOPO4·2H2O material has already 

converted to VOHPO4·0.5H2O before it is refluxed with n-octane. For route C,  the 

precursor material VPD-M, which was prepared by co-addition of n-octane and 1-butanol, 

exhibits an XRD pattern that bears some similarities to that of precursor VPD-OB but 

with a lower (001)/(220) peak ratio. This suggests that it adopts a structure which is 

intermediate between that of the classic rosette and platelet VOHPO4·0.5H2O 

morphologies. 



 

Figure 4.7 (a) Powder 
precursors VPD-B, VPD
respectively. All the reflections 
reflections in VPD-B, VPD
VOHPO4·0.5H2O. (b) Laser Raman spectr
VOPO4·2H2O at 1033 cm
phase. 
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Electron microscopy characterization of Route A materials  

In the first step, the reaction of VOPO4·2H2O with 1-butanol in route A gave rise 

to a typical rosette-type agglomerate (VPD-B, Fig. 4.8(a)) in good agreement with the 

corresponding XRD pattern (Fig. 4.7, VPD-B). TEM and SAED analysis of a single 

‘petal’ crystallite from one of the rosettes is shown in Figs. 4.8(b)(c). The ‘petal’ had 

(220) type termination facets and a normal direction which corresponded to the [001] 

projection of VOHPO4·0.5H2O.[24], [25] The second step in the preparation procedure (i.e. 

the addition of n-octane) does not further change the crystal structure of the material. The 

VPD-BO sample is also the VOHPO4·0.5H2O phase (Fig. 4.8(f)) showing a similar 

rosette-type morphology (Fig. 4.8(d)) to that of VPO-B. Meanwhile the surface area 

(Table 4.2) decreases from 27m2/g for VPD-B to 18m2/g for VPD-BO after refluxing 

with n-octane, which could be correlated with the formation of a coarser rosette-type 

structure.  

Table 4.2 Catalytic performance and surface area measurements of the various V-P-O 
materials for the oxidation of n-butane. 

Catalyst 
precursor 

 
Activated 
catalyst 

Surface area (m2/g)a 
n-Butane 

Conversion 
(%) 

Selectivity to 
maleic 

anhydride 
(%) 

Specific 
activityb/ 

10-5 

mol/m2/h 
Precursor Catalyst 

VPD-B 
(Route A) 

VPD-B-c 27 32 50 61 0.96 

VPD-BO 
(Route A) 

VPD-BO-c 18 27 50 58 1.09 

VPD-OB 
(Route B) 

VPD-OB-c 22 20 29 59 0.87 

VPD-M 
(Route C) 

VPD-M-c 17 24 47 55 1.09 
a: All samples were degassed for an hour at 120 °C before BET analysis and were 
labelled according to Scheme 1. 
b: Specific activity: moles maleic anhydride formed/g catalyst/h. 
Reaction conditions: 400 °C, 1.7 % n-butane in air, GHSV = 2000 h-1. 
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Figure 4.8 (a, b, c) VPD-B intermediate material: (a) SEM micrograph showing  a 
characteristic rosette-type morphology; (b) BF-TEM micrograph showing a single ‘petal’ 
from the rosette agglomerate having (220)-type termination facets; and (c) SAED pattern 
from the ‘petal’ in (b) corresponding to the [001] projection of VOHPO4·0.5H2O; (d, e, f) 
VPD-BO precursor material: (d) SEM micrograph showing a rosette-type morphology; (e) 
BF-TEM micrograph showing a single ‘petal’ from the rosette agglomerate; and (f) 
SAED pattern from the ‘petal’ in (e) corresponding to the [001] projection of 
VOHPO4·0.5H2O.  
 
 

(220) 

f 

a d 

b e 

c 



145 

 

Electron microscopy characterization of Route B materials  

Refluxing VOPO4·2H2O with n-octane as the first step was found to change the 

morphology of the VOPO4·2H2O from square platelets (Fig. 4.5(a)) to octagonal platelets 

(Fig. 4.9(a)). These octagonal structures are typically 4-10 µm in size, and SAED 

analysis confirms them to be VOPO4·2H2O as evidenced by the [001] crystal projection 

shown in Figure 4.9(d). The termination facets of the octagonal platelet, each display a 

45˚ intersection angle with adjoining facets, and correspond to alternating {100} and 

{110}- type planes (Fig. 4.9(c)). In addition, a small volume fraction of relatively large 

(~60 µm) flower-like octagonal platelets were also found in this VPD-O sample (Fig. 

4.9(b)), which are believed to correspond to the largest square VOPO4·2H2O starting 

platelets (Fig. 4.5(a), arrowed) that are partway through a delaminating and etching 

process caused by progressive intercalation of the n-octane. It is known that αI-VOPO4 

bears some structural similarities to VOPO4·2H2O when viewed along the [001] direction, 

but has a shorter interlayer spacing due to the absence of intercalated water 

molecules.[26,27] The delaminated edges in these occasionally found flower-type octagonal 

platelets (Fig. 4.9(b)), have probably lost their interlayer water molecules, and possibly 

locally converted to the αI-VOPO4 phase. However the αI-VOPO4 phase, if present, is 

there in such small quantities that it is below the detectibility limits of the XRD and 

Raman techniques.  
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Figure 4.9 SEM micrographs of the intermediate VPD-O material (route B) showing (a) 
the major octagonal platelet morphology and (b) a minor octagonal flower-type 
morphology; (c) BF-TEM micrograph of sample VPD-O showing alternating {100} and 
{110} - edge facet termination planes of the octagonal platelets and (d) the corresponding 
SAED pattern for the particle in (c) which corresponds to [001] VOPO4·2H2O. 
 

The subsequent 2nd stage reflux with 1-butanol causes the reduction of the 

octagonal VOPO4·2H2O plates (V5+) to the VOHPO4·0.5H2O (V4+) phase. The XRD 

pattern in Figure 4.7 (VPD-OB) exhibits a dominant (001) VOHPO4·0.5H2O reflection as 

opposed to the (220), which is typical of plate-type V-P-O precursors. N2 BET adsorption 

measurements (Table 4.2) reveals that the surface area of VPD-OB is 22 m2/g. Unlike the 

rosette agglomerate morphology observed in Route A, nanoscale rhomboidal platelets 

(Figs. 4.10(a), (b)) are formed having a typical length of 400 - 600 nm and thickness of 

~40 nm. The SAED pattern obtained from the platelet normal direction corresponds to 

the [001] VOHPO4·0.5H2O projection (Fig. 4.10(c)), which is consistent with the XRD 

{110} 
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analysis (Fig. 4.7, VPD-OB). The edge termination facets exhibited by these rhomboidal 

platelets corresponded to the {140}-type planes.  

 
Figure 4.10 VPD-OB precursor material produced via Route B: (a) SEM micrograph 
showing nanoscale rhomboidal platelets; (b) BF-TEM micrograph of some nanoscale 
rhomboidal platelets showing edge termination facets corresponding to {140}-type 
VOHPO4·0.5H2O planes and (c) SAED pattern from the platelet arrowed in (b) which 
corresponds to the [001] projection of VOHPO4·0.5H2O. 
 

Clearly the formation of these nanoscale rhomboidal VOHPO4·0.5H2O platelets 

generated via route B is a consequence of a different transformation mechanism in 

comparison with Route A, where rosette formation is preferred.  

 

 

a 
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Electron microscopy characterization of Route C material  

When VOPO4·2H2O is reduced in a single step to VOHPO4·0.5H2O by refluxing 

with a mixture of n-octane and 1-butanol (route C), the morphology of the resulting 

material (VPD-M) exhibited structural characteristics that were somewhat intermediate 

between the route A VPD-B rosette-type agglomerates and the route B VPD-OB 

rhomboidal platelets. VPD-M showed what can be best described as loose rosette-type 

aggregations of angular rhomboidal platelets (Fig. 4.11(a)).  

 
Figure 4.11 Precursor material VPD-M derived from route C: (a) SEM micrograph 
showing rosette-type aggregations of angular platelets; (b) BF-TEM micrograph of a 
typical angular plaetlet and (c) SAED pattern from the platelet arrowed in (b) which 
corresponds to [001] VOHPO4·0.5H2O. 

a 

b c 
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The BET surface area of VPD-M is only 17 m2/g (Table 4.2) which is similar to 

that of the route B material. TEM analysis confirmed that these angular platelets are the 

VOHPO4·0.5H2O phase which exhibit the [001] projection as the platelet normal (Figs. 

4.11(b), (c)), which is in good agreement with the corresponding XRD pattern (Fig. 4.7, 

VPD-M). Interestingly the (001)/(220) XRD peak ratio has an intermediate value (~1.11) 

between the highest peak ratio (~2.25) found in VPD-OB (route B) and the lowest ratio 

(~0.00) in VPD-BO (route A). This variation suggests the reduced exposure of (001) 

planes and increased exposure of (220) planes in VPD-M as compared to VPD-OB. The 

angular platelets in VPD-M when aggregated as shown in Fig. 4.11(a) could indeed result 

in a reduced exposure of (001) VOHPO4·0.5H2O planes and lead to lowering the 

(001)/(220) peak ratio.  

Comparison of Route A, B and C materials as catalysts for n-butane oxidation 

The V-P-O catalyst precursors derived from Routes A, B and C were activated 

and tested in a micro-reactor with 1.7 % n-butane/air feed at 400 °C. After 72 h, a steady 

state production of maleic anhydride was obtained. The catalytic performance data are 

summarized in Table 4.2 together with the surface areas of the activated catalysts. As 

expected, most catalysts display an increase in surface areas compared to their respective 

precursor materials after catalytic activation. Catalysts VPD-B-c, VPD-BO-c and VPD-

M-c all show a similar activity and selectivity to MA, and exhibit comparable specific 

activity values. Surprisingly, catalyst VPD-OB-c (route B) obtained from the nanoscale 

rhomboidal catalyst precursor VPD-OB has the lowest specific activity for n-butane 

conversion at 29%, and is the only material that displays an decrease in surface area after 

activation.  
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Figure 4.13 shows representative SEM micrographs (column 1), BF-TEM 

micrographs (column 2) and SAED patterns (column 3) obtained from the activated 

catalysts prepared via the three different routes. The morphology of catalyst produced in 

route A is very similar to that of the corresponding precursor, retaining its characteristic 

rosette-agglomerate morphology (Fig. 4.13(a)) as would be expected from the topotactic 

transformation of VOHPO4·0.5H2O to (VO)2P2O7. SAED patterns from a catalyst “petal” 

(Figs. 4.13(b), (c)) can be indexed to the [100] projection of (VO)2P2O7
[28],[29] which is 

consistent with the XRD results presented in Figure 4.12- VPD-B-c. Catalyst VPD-OB-c 

(Fig. 4.13(d)) displays small crystallites whose size ranges from 50 to 400 nm. A similar 

morphology was also obtained by Imai et al.
[16] through activating 340 nm x 35 nm 

starting VOHPO4·0.5H2O crystallites to form the (VO)2P2O7. SAED patterns from a 

platelet type aggregate of such particles (Figs. 4.13(e)(f)) confirm them to be a collection 

of highly textured, but not perfectly aligned, (VO)2P2O7 crystallites exhibiting a common 

[100] normal direction. A representative SEM micrograph of the VPD-M-c catalyst (Fig. 

4.13(g)) also shows aggregations of many smaller particles. Figures 4.13(h) and (i) 

suggest that the small primary particles are (VO)2P2O7 crystallites with an average size of 

~200 nm. The corresponding polycrystalline ring SAED pattern from an agglomerate 

(Fig. 4.13(i)) show characteristic (200), (024), and (032) (VO)2P2O7 reflections and 

indicate that the primary particles in these agglomerates are more randomly oriented with 

respect to each other as compared to the route B material. 
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Figure 4.13 (a, b, c) Catalyst VPD-B-c (derived via routeA): (a) SEM micrograph 
showing a rosette-type agglomerate morphology; (b) BF-TEM micrograph showing a 
single ‘petal’ from a rosette and (c) the corresponding SAED pattern which can be 
assigned to the [100] projection of (VO)2P2O7; (d, e, f) Catalyst VPD-OB-c (derived via 
route B): (d) SEM micrograph showing small agglomerates of particles; (e) BF-TEM 
micrograph showing an agglomerate of these particles and (f) the corresponding SAED 
pattern from the collection of particles shown in (e) which can be assigned to several 
superimposed [100] (VO)2P2O7 patterns from particles having a relatively high degree of 
texture; (g, h, i) Catalyst VPD-M-c (derived via route C): (g) SEM micrograph showing 
almost random aggregations of small particles; (h) BF-TEM micrograph showing an 
aggreation of several small particles and (i) the corresponding SAED ring pattern which 
can be assigned to  almost randomly oriented polycrystalline (VO)2P2O7 (The inset shows 
an enlargement of a  portion of the ring pattern delineated by the square box showing arcs 
corresponding to (200), (024) and (032) reflections of (VO)2P2O7).  
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4.3.4 Discussion  

The order in which the alcohol/alkane (i.e., 1-butanol/n-octane) has been added 

during the co-solvent reduction of square VOPO4·2H2O platelets has a profound 

influence on the morphology of the VOHPO4·0.5H2O precursor generated. Here, we have 

shown via route A that without pre-exposure to n-octane, the product consists of typical 

rosette-type VOHPO4·0.5H2O agglomerates. Furthermore, n-octane added after the 

reduction with 1-butanol does not significantly change the morphology of the 

VOHPO4·0.5H2O material. By way of contrast, analysis of the route B preparation 

method, shows that pre-refluxing the square platelet VOPO4·2H2O with n-octane leads to 

the formation of partly delaminated octagonal VOPO4·2H2O platelets. Reduction of this 

intermediate material with 1-butanol forms distinctive nanoscale rhomboidal 

VOHPO4·0.5H2O platelets. Finally, using a mixture of n-octane and 1-butanol mixture 

(route C) reconstructs the square VOPO4·2H2O platelets into a rosette-type agglomerate 

of angular VOHPO4·0.5H2O platelets. All these morphological and structural alterations 

are summarized in Figure 4.14 and can be rationalized to some extent by the different 

actions of n-octane and 1-butanol on the VOPO4·2H2O crystallites. The n-octane 

predominantly etches the VOPO4·2H2O crystals altering their morphology, whereas the 

1-butanol has a strong intercalation and exfoliation effect on VOPO4·2H2O and induces 

its reduction to VOHPO4·0.5H2O.   
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Figure 4.14 Summary of the morphological and structural features exhibited by this 
systematic set of samples. 
 

In each case, these precursors, when activated under reaction conditions, convert 

to the active (VO)2P2O7 phase and show good activity and selectivity to MA. The VPD-

OB-c catalyst derived from the route B nanoscale rhomboidal precursor shows a lower 

specific activity possibly due to its poorer crystallinity and more limited exposure of the 

active (100) (VO)2P2O7 plane.[22] The observed morphology of the VPD-OB-c catalyst 

also supports this notion as it shows small irregular, but strongly textured (VO)2P2O7 

particles, instead of the more sharply angular and better exposed crystallites normally 

found in fully activated rosette or platelet type catalyst.[16] 

4.4 Understanding the topotactic transformation of the vanadyl (V) phosphate 

dihydrate to vanadyl (IV) hydrogen phosphate hemihydrate phase   

It is well known that the catalytically active pyrophosphate phase, ((VO)2P2O7), is 

obtained by activating a hemihydrate precursor (VOHPO4·0.5H2O) under reaction 
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conditions. The details of the VOHPO4·0.5H2O to (VO)2P2O7 topotactic structural 

transformation that occurs during this activation process have been solved previously by 

electron microscopy.[19] The VPD route used in this work for preparing the 

VOHPO4·0.5H2O precursor involves reacting V2O5 with H3PO4 to form the layered (V5+) 

dihydrate phase (VOPO4·2H2O), which is then subsequently reduced using an alcohol to 

form the VOHPO4·0.5H2O precursor (a V4+ phase). The structural details of this 

VOPO4·2H2O to VOHPO4·0.5H2O structural transformation are poorly documented and 

deserve some discussion here. 

As shown in Figure 4.14, the morphological change to rosette type material 

occurring during the reduction of VOPO4·2H2O to VOHPO4·0.5H2O by 1-butanol (Fig. 

4.14, route A) can be explained by the mechanism postulated by O’Mahony et al.
[17] In 

their proposed scenario (Fig. 4.15), the layered VOPO4·2H2O material is delaminated by 

intercalation of the alcohol to form curled VOPO4·2H2O sheets due to the internal strain. 

The VOHPO4·0.5H2O phase is then nucleated at those curled sheet edges until eventually 

the whole sheet is transformed.  The sheets remain connected to some extent during this 

process leading to the formation of rosette type agglomerates.  

We have also demonstrated by simple experimentation that a shorter chain 

alcohol gives a stronger delaminating effect on the layered VOPO4·2H2O material as 

shown in Figure 4.16. After treatment with ethanol VOPO4·2H2O (Fig. 4.16(a)) shows a 

much greater degree of delamination at the crystallite edges as compared to the material 

treated with longer chain alcohols (i.e., 1-butanol, Fig. 4.16(c)). 
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Figure 4.15 Schematic diagram of the crystallization process at early times for the 
transformation of platelet-type VOPO4·2H2O to rosette-type VOHPO4·0.5H2O. [17] 
 

 
Figure 4.16 SEM micrographs of the same VOPO4·2H2O (VPD-O) material exposed to 
different alcohols: (a) C2H6O, (b) C3H8O, (c) C4H10O and (d) C5H12O for 1 min at room 
temperature showing progressively lower degrees of delamination to the crystallite edges 
with increasing chain length of the alcohol.   
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The square platelets of VOPO4·2H2O clearly tend to be reformed into rosette-type 

VOHPO4·0.5H2O agglomerates (Fig. 4.14, route A). In comparison, octagonal 

VOPO4·2H2O, generated via route B, preferentially form nanoscale rhomboidal 

VOHPO4·0.5H2O platelets (Fig. 4.14, route B). In order to further understand this 

difference between routes A and B, both square and octagonal VOPO4·2H2O materials 

were exposed to 1-butanol at room temperature (Fig. 4.17). After 1 min treatment with 1-

butanol both types of VOPO4·2H2O platelets show a slight delamination at their edges 

(Figs. 4.17(a)(c)).  A closer look at the octagonal VOPO4·2H2O (VPD-B) platelet shows 

that it also exhibits small (~400 nm) fragments (arrowed in Fig. 4.17(b)) that have 

completely peeled away from the surface which are of a comparable scale to the resulting 

platelets of VOHPO4·0.5H2O precursor. The structural transformation in this latter case 

can be understood by invoking a similar initial mechanism to that proposed for the 

rosette-type VOHPO4·0.5H2O formation. However in this instance, the VOPO4·2H2O 

sheets are not only delaminated but also prone to fracture into smaller fragments, 

presumably because of structural defects introduced into the sheets. These fragments 

subsequently transform into the nanoscale rhomboidal VOHPO4·0.5H2O platelets. On the 

other hand, the standard square VOPO4·2H2O materials develop small square etch pits 

with {100}-type facet walls after 1 min exposure in 1-butanol (Fig. 4.17(c), (d)). With 

increasing exposure time to 1-butanol the original {110}-type edge termination facets of 

the VOPO4·2H2O crystal are gradually eroded and replaced with {100}-edge facets (Fig. 

4.17(e)).  
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Figure 4.17 (a and b): SEM micrographs of octagonal VOPO4·2H2O platelets showing (a) 
slight delamination at their edges and (b) the generation of small (~400nm) dissociated 
surface fragments after 1 min exposure in 1-butanol; (c and d): SEM micrographs of 
square VOPO4·2H2O platelets after 1 min exposure in 1-butanol showing (c) slight 
delamination at their edges and (d) square etch pits with {100}- facet walls; (e and f): 
SEM micrographs of VOPO4·2H2O platelets showing (e) both {100}- and {110}- type 
termination facets after 20 min exposure in 1-butanol and (f) an occasionally found 
example having only {100}- type termination facets after 60 min exposure in 1-butanol.    
 

After 60 min n-butanol exposure, VOPO4·2H2O platelets having only {100}-type 

edge termination facets and deep etch pits into their surface are observed (Fig. 4.17(f)). 

During the reduction reaction with n-butanol, the interlayer water molecules in 

VOPO4·2H2O need to escape from the structure. The deep penetrating {100}-type etch 
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pits observed in square platelets could open up convenient channels or vents along the 

<100> direction of the VOPO4·2H2O crystallite which facilitate the escape of the 

interlayer water molecules. In contrast, equivalent <100>-type channels are not opened 

up by n-butanol treatment of the octagonal VOPO4·2H2O platelets probably because of 

interference from the n-octane molecules introduced during the pre-treatment step. In this 

latter case, the need to release the trapped interlayer water molecules drives cracking and 

fracture of the platelets, resulting in the formation of fragments which break away from 

the structure. 

It is well known that both the VOPO4·2H2O and VOHPO4·0.5H2O platelets 

exhibit a layer-type morphology having basal planes with [001] platelet normals as noted 

above (i.e., [001]VOPO4·2H2O remains oriented parallel to [001]VOHPO4·0.5H2O during the 

transformation). The presence or absence of exposed {100}- type (i.e., (100)VOPO4·2H2O and 

(010)VOPO4·2H2O) facet planes and etch pits during the alcohol reduction/dehydration stage 

of the VOPO4·2H2O material seems to be very important in determining the morphology 

of the resulting VOHPO4·0.5H2O precursor (Fig. 4.14). When these specific (100) facet 

planes and etch pits are exposed, they can apparently be easily attacked by 1-butanol, 

resulting in a rosette type VOHPO4·0.5H2O morphology having (220) planes dominating 

the XRD patterns and consisting of crystalline ‘petals’ having (220) termination facets. 

Those {100}-type termination facets and etch pit edges in VOPO4·2H2O might be the 

nucleation sites for VOHPO4·0.5H2O formation and eventually epitaxial conversion into 

the (220) termination facets of VOHPO4·0.5H2O. This proposed scenario is illustrated 

schematically in Figure 4.18, which is in good agreement with previous work by 

O’Mahony et al.[17]  
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Figure 4.18 Schematic illustration of the transformation sequence from a square sheet of 
VOPO4·2H2O to rosette-type VOHPO4·0.5H2O during the reduction step involving 1-
butanol (viewed along the [001] projection). (The gray area represents the 
VOHPO4·0.5H2O phase and the gray arrows show the growth directions of the 
VOHPO4·0.5H2O phase.) 
 

In this study we have determined that {100}-type planes of VOPO4·2H2O can 

epitaxially transform to the (220) planes of VOHPO4·0.5H2O. In addition, we know that 

the initial [100]VOPO4·2H2O direction is parallel to the final [110]VOHPO4·0.5H2O direction. 

Hence, the full orientation relationship that exists between the VOPO4·2H2O and 

VOHPO4·0.5H2O phases is: [001]VOPO4·2H2O // [001]VOHPO4·0.5H2O and [100]VOPO4·2H2O // 

[110]VOHPO4·0.5H2O as illustrated schematically in Figure 4.19. The VOPO4·2H2O structure 

is known to consist of non-connected VO6 octahedra interlinked by PO4 tetrahedra in 

each tetragonal ‘VOPO4’ layer.[11] These layers, which are stacked along the [001] 

direction, are connected by water molecules as shown in Figure 4.20(a). However, the 

sheets in the final VOHPO4·0.5H2O structure (Fig. 4.20(c)), are composed of pairs of 

face sharing VO6 octahedra that are interlinked by PO4 tetrahedra.[3,25,30] These layers are 

held along the [001] direction through the residual interlayer water molecules.  

[001] VOPO4·2H2O [001] VOHPO4·0.5H2O 



161 

 

 
Figure 4.19 Atomic structure models of the VOPO4·2H2O (left) and VOHPO4·0.5H2O 
(right) phases oriented in such a way as to be faithful to the experimentally determined 
epitaxial orientation relationship: [001]VOPO4·2H2O // [001]VOHPO4·0.5H2O and [100]VOPO4·2H2O // 
[110]VOHPO4·0.5H2O (red spheres- O, blue spheres- P, yellow spheres- V; red octahedra- VO6 
octahedra, blue tetrahedra- PO4 tetrahedra; H atoms are omitted for simplicity).  
 

The transformation from VOPO4·2H2O to the VOHPO4·0.5H2O structure can be 

envisaged to occur in the following sequence of steps. Firstly, pairs of adjacent VO6 

octahedra shuffle towards one another in a co-ordinated fashion along the [110]VOPO4·2H2O 

direction (as indicated by the arrows in Fig. 4.20(a)) and connect together such that they 

share a common edge. To facilitate this, two oxygen atoms are lost from one octahedral 

unit in the pair. This can also be viewed as one P-O-V bond being broken for every 

tetrahedral PO4 group, leaving an unshared corner oxygen in the PO4 tetrahedral unit. 

Meanwhile, one water molecule that is hydrogen bonded to each PO4 group escapes from 

the structure giving rise to a transient VOPO4·H2O monohydrate phase (Fig. 4.20(b)). 

Indeed, this transient monohydrate phase has previously been detected by O’Mahony et 

al.
[17][18] during in-situ XRD and ex-situ XPS analysis of the dehydration of 

[001] VOPO4·2H2O [001] VOHPO4·0.5H2O 

- PO4 tetrahedra - VO6 octahedra 
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VOPO4·2H2O.  Next the connected pairs of VO6 octahedral units in the monohydrate 

structure re-orient to become face-sharing and yet another oxygen atom is lost from each 

octahedral pair (which then becomes incorporated into another escaping water molecule). 

Simultaneously, the V5+ cations within each of the VO6 octahedral units must reduce to 

the V4+ valence state in order to ensure charge neutrality. The final result is that the 

VOHPO4·0.5H2O structure is topotactically generated which preferentially exposes the 

(001)VOHPO4·0.5H2O basal plane.   

 
Figure 4.20 Structural models of the fundamental building blocks of the (a) 
VOPO4·2H2O, (b) VOPO4·H2O and (c) VOHPO4·0.5H2O structures. (red spheres- O, 
blue spheres- P, yellow spheres- V; red octahedra- VO6 octahedra, blue tetrahedra- PO4 
tetrahedra; H atoms are omitted for simplicity). The diagram illustrates the proposed 
mechanism by which (i) unconnected neighbouring VO6 octahedra units become edge 
sharing and (ii) edge shared VO6 octahedra units become face sharing and PO4 
tetrahedral units re-orient during the topotactic VOPO4·2H2O to VOHPO4·0.5H2O 
transformation. 
 

4.5 Summary and suggestions for future work 

Using an inert co-solvent during the reduction step of VOPO4·2H2O in the VPD 

route, it was found that the product of the preparation can be either VOHPO4·0.5H2O or 

VO(H2PO4)2 depending on the precise alcohol: alkane volume ratio. VOHPO4·0.5H2O is 

obtained when the V4+: P ratio was kept at approximately 1:1 due to the fast reduction of 

VOPO4·2H2O VOPO4·H2O VOHPO4·0.5H2O 

a b c 
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V5+. When V4+: P ratio is 1: >>1, the excess phosphorus favours the formation of 

VO(H2PO4)2  which has a V: P ratio of 1:2. It can be concluded that the rate of reduction 

governs whether the V4+: P ratio in solution is close to 1:1 or 1: >>1, which in turn is the 

key factor in determining which phase is formed. 

The specific order in which the alkane and alcohol (i.e. n-octane and 1-butanol) 

are added to VOPO4·2H2O in the VPD process has a profound effect on the resultant 

precursor morphology and can influence the eventual activity of the final (VO)2P2O7 

catalyst. Here we have shown that without n-octane, the reduction product using 1-

butanol is the rosette-type VOHPO4·0.5H2O agglomerate which is the typical precursor 

to the industrial V-P-O catalyst. The addition of n-octane after this reduction step does 

not significantly change the morphology of this precursor. In contrast, the addition of n-

octane prior to the alcohol addition results in the formation of distinctive octagonal 

VOPO4·2H2O platelets, which are then subsequently reduced by 1-butanol to form 

nanoscale rhomboidal VOHPO4·0.5H2O platelets. On the other hand, co-addition of n-

octane and 1-butanol can reduce and reform the square VOPO4·2H2O crystals into 

rosette-like aggregates of angular VOHPO4·0.5H2O platelets. Nearly all the catalysts 

produced show a good activity and selectivity to maleic anhydride, except for the 

pyrophosphate material generated from the nanoscale rhomboidal VOHPO4·0.5H2O 

platelets, which is probably due to their poorer crystallinity and more limited exposure of 

the active (100) (VO)2P2O7 plane.  

Additionally, through this study we have for the first time unequivocally 

identified the spatial orientation relationship between the VOPO4·2H2O and 

VOHPO4·0.5H2O crystalline phases, with [001]VOPO4·2H2O // [001]VOHPO4·0.5H2O and 
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[100]VOPO4·2H2O // [110]VOHPO4·0.5H2O. This information has enabled us to propose a two-step 

mechanism by which the topotactic VOPO4·2H2O to VOHPO4·0.5H2O phase 

transformation occurs. This involves pairs of adjacent VO6 octahedra in VOPO4·2H2O 

becoming edge-sharing in the first step and then becoming face-sharing in the second 

step, losing interlayer water molecules at each stage, to eventually form 

VOHPO4·0.5H2O.  

During the course of this research V-P-O materials were analyzed using SEM and 

conventional ex-situ TEM methods. Especially for studying the phase transformation of 

VOPO4·2H2O into VOHPO4·0.5H2O, ex-situ SEM analysis was performed on the 

intermediate materials at different stages of the transformation process. Such intermediate 

materials prepared by mixing with alcohols at room temperature are not realistic 

intermediate materials, which should ideally be heated at 150 °C. If these realistic 

intermediate materials could be prepared and recovered from the refluxing slurry heated 

at 150 °C for SEM and even TEM analyses, it would provide additional information 

about the VOPO4·2H2O to VOHPO4·0.5H2O phase transformation. HR-TEM (low dose 

illumination conditions) could be used to analyze the rim region of the square etch pits to 

identify if the VOHPO4·0.5H2O phase is formed topotactically from VOPO4·2H2O in 

these areas (Figs. 4.18 and 4.20) and if there are any line or planar defects formed during 

this phase transformation. It would be even more helpful if we could use in-situ TEM for 

this particular experiment in order to prove or disprove our proposed transformation 

sequences under more realistic reaction conditions.  

Our detailed study of the VPD route presented in this chapter was based on the 

use of primary alcohol (e.g. 1-octanol and 1-butanol) in the reduction step of 
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VOPO4·2H2O. The primary product from this reaction are rosette-type VOHPO4·0.5H2O 

agglomerations. It is well known that secondary alcohols can also reduce VOPO4·2H2O 

to form platelet-type rhomboidal VOHPO4·0.5H2O
[5] and tertiary alcohols tend to 

preferably form blocky-type square VO(H2PO4)2 crystallite.[5] Further analogous studies 

could be carried out in order to better understand the reaction mechanism of the VPD 

method when using secondary or tertiary alcohols. Using the same strategy as employed 

in this work, the addition of alkanes (e.g. n-octane) into secondary or tertiary alcohols 

during the reduction step of VOPO4·2H2O will probably change the structure and 

morphology of the resulting product. If the specific order in which the alkane and alcohol 

(i.e. secondary or tertiary) are added to VOPO4·2H2O is changed following the same 

strategy outlined in Figure 4.6. A more complete picture of the effect of each alcohol on 

the VOPO4·2H2O to rhomboidal VOHPO4·0.5H2O or square VO(H2PO4)2 platelets could 

then be developed. 
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Chapter 5 Structural and Chemical Characterization of V-P-O 

Catalysts Synthesized by Some Novel Preparation Routes 

Since the activated V-P-O catalyst is formed topotactically from the 

VOHPO4·0.5H2O precursor,[1-3] controlling the morphology of the precursor through the 

preparation route is an important parameter in generating a material which has a high 

catalytic performance. Commonly, V2O5 is used as the vanadium source and H3PO4 is 

used as the phosphorus source; a suitable reducing agent is then required to synthesize the 

VOHPO4·0.5H2O (V4+) precursor phase. A number of different reducing agents and 

solvents have been tried in this respect.[4,5] In the earliest reported V-P-O catalyst 

preparation method (denoted as the VPA route) water was used as the solvent and 

hydrochloric acid was used as the reducing agent.[6,7] More recently, studies have 

concentrated on the use of alcohols as solvents and reducing agents, (i.e., the VPO and 

VPD routes) as they tend to result in higher surface area catalysts.[6,8]  

More recently, Okuhara et al.
[4] have described the intercalation and subsequent 

exfoliation and fracture of VOPO4·2H2O crystals using primary and secondary alcohols. 

This was achieved via low temperature heat treatment in the alcohol followed by a 

subsequent reduction step in which the exfoliated VOPO4·2H2O sheets fracture to yield a 

VOHPO4·0.5H2O precursor which had a distinctive nano-sized (~ 340 x 35 nm) blocky 

morphology. More importantly, the nanocrystalline (VO)2P2O7 catalyst subsequently 

derived from this precursor was found to be highly active and selective for the oxidation 

n-butane to MA.[9] In addition to this, a number of alternative synthesis routes have also 
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been explored. These include the formation of structured V-P-O materials which possess 

micro-, meso- and macro-porosity.[10-12]  

Since the morphology of the vanadium phosphate precursors markedly affects the 

morphology and performance of the final catalysts, there is great interest in developing 

new preparation methods that can more precisely and reproducibly control the 

morphology of the initial precursor. Three new V-P-O preparation routes are investigated 

in this chapter; namely (i) the use of V-P-O ‘seed’ crystals in the VPD route (in order for 

controlling the morphology and structure of the V-P-O materials generated ), (ii) the use 

of a di-block copolymer template in V-P-O production (in order for improving the 

crystallinity of the VOHPO4·0.5H2O precursor produced) and (iii) encapsulating fragile 

V-P-O catalysts with a mechanically resistant SiO2 shell (in order for improving the 

mechanical resistance of the fragile rosette-type V-P-O catalysts). 

5.1 Use of V-P-O ‘seed’ crystals in the VPD route  

5.1.1 Introduction  

The VPD method involves the reaction of V2O5 with H3PO4 using water as the 

solvent, which leads to the formation of the V5+ vanadium phosphate dihydrate 

VOPO4·2H2O phase. This is subsequently reduced in a second stage using an alcohol as 

the reducing agent to form the VOHPO4·0.5H2O precursor. This route was covered in 

some details in the previous chapter. Here we present an investigation of the addition of 

crystalline seeds in the preparation of vanadium phosphates during the VPD type alcohol 

reduction of VOPO4·2H2O and we demonstrate that this seeding strategy can have a 

dramatic influence on the morphology and structure of the precursor materials.  
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5.1.2 Experimental   

5.1.2.1 V-P-O material preparation 

VOPO4·2H2O was prepared by refluxing V2O5 (5.0 g, Aldrich) and H3PO4 (30 ml, 

85%, Aldrich) in water (120 ml) for 24 h. The yellow solid produced was recovered 

immediately by vacuum filtration, washed with water (100 ml) and acetone (100 ml) and 

dried in air (110 °C, 24 h). 

The transformation of the dihydrate phase to VOHPO4·0.5H2O or VO(H2PO4)2 

using alcohol was achieved as follows: VOPO4·2H2O (2 g) was refluxed in 1-octanol or 

2-methyl-1-propanol (100 ml) for 24h to produce the hemihydrate phase with a rosette 

morphology. The use of 2-butanol (50ml) generated the discrete hemihydrate platelet 

morphology, whereas 3-octanol (100 ml) formed the VO(H2PO4)2 phase. Seeding 

experiments with VOHPO4·0.5H2O (either in rosette and platelet morphologies) or with 

VO(H2PO4)2 were carried out using the following procedure: VOPO4·2H2O (2 g) was 

refluxed in the presence of the seed precursor material (0.05 g) in alcohol (100 ml) for 

24h. The resultant solids were recovered by vacuum filtration, and then washed with 

acetone (100 ml) and dried in air at 110 °C for 24h. 

5.1.2.2 Catalyst testing 

Reactions were carried out in a fixed bed micro-reactor (8 mm I.D.) containing a 

standard 0.2g of catalyst, at 400°C with a GHSV of 3000 h-1. The catalytic conditions for 

testing the activity for n-butane oxidation over V-P-O catalysts have been described in 

sub-section 3.8.1.  
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5.1.2.3 Electron microscopy characterization 

Scanning electron microscopy (SEM), bright field transmission electron 

microscopy (BF-TEM) and selected area electron diffraction (SAED) analyses were 

performed on these V-P-O materials. Experimental details for these characterization 

methods have been described in Chapter 3, section 3.6. 

5.1.2.4 Complementary characterization techniques 

BET surface area measurements and powder X-ray diffraction (XRD) were 

performed as described in Chapter 3, sub-sections 3.9.1 and 3.9.2, respectively. 

5.1.3 Results and Discussion 

5.1.3.1 Preparation and characterization of the standard seed ‘precursor’ materials 

A set of standard vanadium phosphate materials were prepared via the VPD 

methodology i.e. reduction of dihydrate (VOPO4·2H2O) with an alcohol at elevated 

temperatures as follows; 1-octanol (120 °C), 2-butanol (98 °C) and 3-octanol (174 °C). 

They each respectively yielded a different form of V-P-O material and these were 

subsequently used as precursor materials for seeding experiments. The 1-octanol gave 

hemihydrate (VOHPO4·0.5H2O) with a rosette morphology (Table 5.1 entry 1, and Fig. 

5.1(a)), whereas, 2-octanol gave discrete rhomboidal platelets (Table 5.1 entry 2, and Fig. 

5.1(b)). The octagonal blocky VO(H2PO4)2 morphology was obtained from 3-octanol 

(Table 5.1 entry 3 and Fig. 5.1(c)).  

 

 



174 

 

Table 5.1 Preparative conditions and BET surface areas of the V-P-O seed precursor 
materials.  
Entry Sample name Preparation methoda T (°C) Yield (g) BET (m2/g) 

1 rosette seed (a) 1-octanol (100ml) 120 2 33 
2 platelet seed (b) 2-butanol (50ml) 98b 1.60 9 
3 VO(H2PO4)2 seed (c) 3-octanol (100ml) 174b 1.15 2 

a: all with 2 g VOPO4·2H2O. 
b: reflux temperature. 
 

As shown in Figure 5.1, the preferential exposure of the {220} and the {001}-type 

planes in the rosette and platelet hemihydrate materials is consistent with previous 

studies.[6] The exposure of these preferred crystallographic planes can be correlated to the 

crystal morphology generated by the interaction of the primary or secondary alcohols 

with the intercalated water in these layer structures. However, as yet there does not seem 

to be a complete mechanistic explanation as to how the rosettes are formed via the VPD 

route. One of the possible mechanisms was discussed in Chapter 4.3, Figure 4.15. The 

characteristic difference in peak intensities in XRD patterns obtained from materials 

prepared by VPO and VPD methods most likely has its origin in differences in (i) 

agglomerate texture (i.e. simple stacked plates as opposed to spherulitic structures) and (ii) 

the differing degrees of crystallinity. The crystallisation of VOHPO4·0.5H2O from V2O5 

and H3PO4 has been studied in detail by O’Mahony et al. using time resolved X-ray 

diffraction.[13] They found that starting from VOPO4·2H2O, a VOPO4·H2O intermediate 

phase was formed initially (< 30 min), which was subsequently consumed as the 

VOHPO4·0.5H2O started to form. Sequential FIB section and SEM microscopy 

performed by these researchers showed rosette structures gradually forming from 

delaminated plates as the reaction proceeded. 
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Figure 5.1 Powder XRD patterns and SEM micrographs of V-P-O materials recovered 
from standard VPD reaction with; (a) 1-octanol (VOHPO4·0.5H2O rosette), (b) 2-butanol 
(VOHPO4·0.5H2O platelet) and (c) 3-octanol (VO(H2PO4)2).  
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The corresponding TEM analysis of these materials is presented in Figure 5.2. 

The rosette type precursor (Figs. 5.2(a)(b)) consists of agglomerates of VOHPO4·0.5H2O 

platelets each having [001] platelet normals. The discrete rhomboidal platelets of 

VOHPO4·0.5H2O (Fig. 5.2(c)) produced using 2-butanol also showed characteristic [001] 

normals, while the edge facets were {140}-type. The VO(H2PO4)2 seed material (Figs. 

5.2(d)(e)) formed using 3-octanol exhibits an octagonal cross-section when viewed along 

[001] direction with {110} and {010}-type side termination facets. These three standard 

materials have been used in small quantities as sacrificial materials in subsequent 

experiments as discussed later.  

Butane oxidation was investigated over these three standard ‘seed precursor’ 

samples using standard reaction conditions (400 °C, space velocity 3000 h-1). The 

catalytic performances were found to be comparable to previously reported literature 

examples.[13] For the standard 1-octanol reduced hemihydrate having the rosette type 

structure, butane conversion was found to be 70% with a selectivity to MA of 71% 

(specific activity 1.9 x 10-5 molMA/m2·h). The discrete platelet morphology V-P-O, 

formed using 2-butanol, gave a conversion of 30% with a MA selectivity of 57 % (0.9 x 

10-5 molMA/m2·h). In direct contrast, the VO(H2PO4)2 sample, prepared using 3-octanol, 

gave a low butane conversion of only 3% and no MA was detected.  
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2  
Figure 5.2 BF-TEM micrographs of (a) the rosette seed precursor and (b) an individual 
“petal” from a rosette (the inset SADP corresponds to [001] VOHPO4·0.5H2O.); (c) the 
platelet seed (the inset SADP from the arrowed platelet corresponds to [001] 
VOHPO4·0.5H2O.); (d) Higher magnification SEM micrograph of VO(H2PO4)2 seed 
precursor and (e) BF-TEM micrograph of the VO(H2PO4)2 seed precursor showing an 
octagonal section with {110} and {010}-type termination facets (inset SADP corresponds 
to [001] (VO(H2PO4)2). 
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5.1.3.2 The influence of reduction temperature and the addition of V-P-O seed 

precursor to VPD preparations employing 1-octanol. 

Heating VOPO4·2H2O in 1-octanol produces a high yield of VOHPO4·0.5H2O, 

provided that the reducing agent was kept at temperatures below 160 °C, despite the 

boiling point of 1-octanol being 185 °C. Typically such reactions are conducted under 

reflux conditions of the alcohol used. The XRD and SEM data (Fig. 5.1(a)) indicate that 

the material recovered is VOHPO4·0.5H2O having a typical rosette morphology. 

Interestingly, when this same reaction is performed at a temperature in excess of 160 °C, 

only very minor amounts of the hemihydrate phase is formed. Apparently the expected 

hemihydrate structure consisting of layered V-P-O sheets is unable to form at these 

higher temperatures. XRD analysis of the minor amounts of the material that are 

produced indicate that it is largely amorphous, with only one, very minor (220) reflection 

present. Fascinatingly, the addition of a small amount of rosette-type VOHPO4·0.5H2O 

(0.05 g) to the reaction mixture before increasing the reflux temperature to 185 °C, 

resulted in a high yield of hemihydrate at the higher temperatures (Fig. 5.3). It is thought 

that the minor amount of hemihydrate material added to the reaction mixture serves to 

create seed crystallites, which may act as preferential nucleation sites, thereby lowering 

the energy of subsequent hemihydrate formation. This is illustrated in Figure 5.3 where 

the yield of hemihydrate product is monitored as a function of time-on-line for reactions 

conducted in the presence of 1-octanol with and without a V-P-O ‘seed’. The rapid 

hemihydrate formation process, therefore, overcomes the competing reaction; namely the 

formation of the blue/black V4+ solute. We note that the hemihydrate material can be 
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recovered in almost complete yield after 24 h refluxing at 185 °C in the presence of the 

seeding material.  
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Figure 5.3 Yield of V-P-O material from reaction at reflux temperature (185 °C) of 1-
octanol; (closed squares) with 0.05g of rosette seed precursor added and (open squares) 
with no seed material added.  
 

To test the hypothesis that the addition of a minor amount of hemihydrate 

material (which we term the ‘seed precursor’) to the reaction mixture serves to create 

nucleation or seeding sites, a small amount of the VPD rosette material (shown in Figs. 

5.1(a) and 5.2(a)) was refluxed on its own for 2 h at 185°C in 1-octanol. Not all the 

VOHPO4·0.5H2O dissolved in this time and the residual material was recovered and 

dried. It can be seen from the SEM and TEM micrographs presented in Figure 5.4 (a)(b) 

respectively, that some of the petals of the rosette which were originally about 2µm in 

lateral size have fragmented to produce much smaller platelets that are only about 0.1-

0.2µm in dimension. Electron diffraction confirmed these entities to be poorly crystalline 

VOHPO4·0.5H2O, and it is thought that these smaller platelet fragments serve as the 

‘seed’ crystallites and act as a template for subsequent VOHPO4·0.5H2O growth. 
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Figure 5.4 (a) High resolution SEM and (b) BF-TEM micrographs of a disintegrated 
“petal” from a recovered rosette-type seed precursor that was refluxed in 1-octanol for 2h 
at 185°C. Some residual [001] VOHPO4·0.5H2O fragments (arrowed) remain which can 
act as seeding templates.  
 

This discovery is highly significant for two reasons. Firstly, this is the first report 

of the use of a seed to direct the formation of V-P-O materials. Secondly, we will 

demonstrate in the following sections that addition of small amounts of different 

morphology V-P-O seeding precursor material leads to dramatic morphological changes 

in the resulting material.  

The morphology of the V-P-O seed precursor used can be observed by XRD, 

SEM and TEM analysis to affect the morphology of the recovered hemihydrate material. 

When a rosette-type seed precursor was used, the hemihydrates recovered consisted of 

rosettes which were radially more open-spaced than its starting seed precursor 

morphology (denoted sample A, see Fig. 5.5(a) and Fig. 5.6(a)). A single “petal” 

crystallite from one of the rosettes in sample A can be assigned by SAED analysis to be 

the [001] projection of VOHPO4·0.5H2O (Fig. 5.6(b)). This is also corroborated by the 

XRD measurements presented in Figure 5.5 where the XRD pattern is comparable to that 
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of a standard VPD reaction in 1-octanol, which produces a hemihydrate with rosette 

morphology where the (220) reflection is dominant.  

 

 
 
Figure 5.5 SEM micrographs and powder XRD patterns of the recovered material from 
seeding reactions; (a) with a rosette hemihydrate seed precursor, (b) with a platelet 
hemihydrate seed precursor and (c) with VO(H2PO4)2 seed precursor. (■) = 
VOHPO4·0.5H2O and (□) = VO(H2PO4)2.  
 

The platelet-type hemihydrate or VO(H2PO4)2 seed precursors are expected to 

undergo a similar process to that described above, whereby the seed precursors are 

exfoliated by the alcohol at the reaction temperature and then fracture to produce much 

smaller seed fragments. Morphological variations are apparent in Figure 5.5(b) and 

Figure 5.6(c), whereby, the use of a platelet-type hemihydrate seed precursor yields an 

aggregated hemihydrate product (labeled sample B) consisting of a mixture of closely 
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spaced rosettes and platelets. Interestingly, the resulting hemihydrate from the addition of 

a VO(H2PO4)2 seed precursor (denoted sample C, Fig. 5.5(c)), has a dominant reflection 

at (220) with the other reflections indexed as the (110), (002), (121) and (112) reflections 

of the VO(H2PO4)2 phase. SEM and TEM analyses presented in Figures 5.5(c) and 5.6(d) 

indicate that, in addition to closely-spaced hemihydrate rosettes, a minor blocky phase is 

present at a volume fraction of about 5 vol%. This minor phase was confirmed by 

selected area electron diffraction (SAED) analysis to be VO(H2PO4)2 with (100), (100) 

and (001) termination facets (Fig. 5.6 (d)). The VO(H2PO4)2 crystallites now have a more 

cuboidal morphology (arrowed in Figs. 5.5(c) and 5.6(d)) as compared to the octagonal 

shaped starting VO(H2PO4)2 seed precursors (Fig. 5.2(d)). There is potential for the 

VO(H2PO4)2 seed structure to persist in the reaction mixture during nucleation, yet it 

appears to have re-crystallized or transformed into another morphology in this instance.  

The use of seeds also influences the surface areas of the hemihydrates that are 

formed. Without seeding, a typical preparation with 1-octanol leads to a surface area of 

33m2/g. With rosette seeds the area increases to 38 m2/g, but use of the other seeds leads 

to a decrease in overall surface area. These observations are consistent with the electron 

microscopy results described previously.  
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Figure 5.6 BF-TEM micrographs of (a) sample A showing rosettes; (b) an individual 
rosette “petal” from sample A (inset SADP corresponds to [001] VOHPO4·0.5H2O); (c) 
sample B showing close-spaced rosettes and (d) sample C showing close-spaced rosettes 
and cuboidal particles (inset SADP from arrowed particle corresponds to [010] 
(VO(H2PO4)2). 
 

5.1.3.3 Effect of alcohol on vanadium phosphate precursor morphology when using 

the seeded VPD route. 

The use of the V-P-O seed precursors in the VPD type preparation utilizing other 

alcohols, i.e. 2-methyl-1-propanol, 2-butanol and 3-octanol, has also been investigated. 

a) b)

c) d)
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These particular solvents were chosen because of their efficacy in influencing the 

morphology of the resulting V-P-O material during a standard un-seeded VPD 

preparation.  

Reaction of VOPO4·2H2O with 2-methyl-1-propanol 

Using seed precursors with different VOHPO4·0.5H2O morphologies, that is, 

platelets and rosettes, and 2-methyl-1-propanol as the solvent and reducing agent, altered 

the final morphology of the recovered material as illustrated in Figure 5.7. Irrespective of 

whether a hemihydrate platelet or rosette seed precursor was used, the resulting materials 

both consist of similar hemihydrate plates agglomerated in a characteristic rosette-like 

morphology.  

 
Figure 5.7 SEM micrographs of the materials recovered from the reactions seeded with 
(a) platelet precursor or (b) rosette precursor respectively in 2-methyl-1-propanol. 
 

The BET surface area of the resulting hemihydrate materials differs from the 

seeds produced via standard preparation methods. More specifically, the material formed 

with platelet seeds shows an increase in BET surface area to 14 m2/g as compared to the 

9 m2/g exhibited by the original platelet seed precursor materials. Conversely, the product 

of the rosette seeding experiment shows a decrease of BET surface area to 17 m2/g from 

the 33 m2/g displayed by the original rosette-type seed precursor. XRD analyses (Fig. 5.8) 

a) b)
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of these products are in agreement with the SEM and BET results, showing less intense 

(220) reflections and more intense (001) reflections as compared to the rosette seed 

precursor (Fig. 5.1(a)). Catalytic evaluation was carried out on these materials resulting 

in specific activities of 2.3 and 2.0x10-5 molMA/m2·h respectively, for the platelet and 

rosette seeded experiments. 

 

 
Figure 5.8 Powder XRD patterns of recovered materials produced from seeded reactions 
using 2-methy-1-propanol; (a) with platelet seed precursor and (b) with rosette seed 
precursor in the VPD route. ■ = VOHPO4·0.5H2O.  
 
Reaction of VOPO4·2H2O with 2-butanol 

When 2-butanol is used in a standard un-seeded VPD preparation, the resulting 

hemihydrate consists of platelets with a rhomboidal appearance. The XRD pattern from 

such material was similar to that shown in Figure 5.1(b) and termed the platelet seed 

precursor; the reflections are sharp and the material is highly crystalline. This is in 

contrast to the XRD pattern generated from a rosette type hemihydrate material, which 

exhibits the characteristic broad, singular (220) reflection (Fig. 5.1(a)).  
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The use of a platelet seed precursor in the presence of 2-butanol, led to a 

hemihydrate material consisting of highly crystalline rhomboidal platelets (Figs. 5.9(a) 

and 5.10(a)). XRD analysis of the resultant materials (Fig. 5.9) exhibits a switch in the 

relative intensity of the (001) and (220) reflections as compared to the seed precursor 

material shown in Figure 5.1(b). This switch is indicative of a gradual progression 

towards a rosette-type structure. Indeed, this is exemplified in the material recovered 

where a rosette seed precursor was used, which shows rosette type aggregations formed 

from platelets (Figs. 5.9(b) and 5.10(b)). The BET surface areas for these recovered 

materials are 8 and 13 m2/g for the platelet and rosette seeded reactions, respectively. 

Catalytic evaluation of these materials gave specific activities of 2.7 x 10-5 and 1.6 x 10-5 

molMA m-2 h-1, respectively.  

 

 
Figure 5.9 XRD patterns of material recovered from seeded reaction using 2-butanol; (a) 
with platelet seed precursor and (b) with rosette seed precursor in the VPD route. ■ = 
VOHPO4·0.5H2O.  
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Figure 5.10 SEM micrographs of the material recovered from the (a) platelet and (b) 
rosette hemihydrate precursor seeded VPD type reactions in 2-butanol. 
 
Reaction of VOPO4·2H2O with 3-Octanol 

At 174 °C, the reflux temperature of 3-octanol, the dihydrate VOPO4·2H2O reacts 

to form VO(H2PO4)2.
[14] The powder XRD pattern and SEM micrograph of this material 

are shown in Figure 5.1(c). However, the use of rosette type V-P-O seed in this reaction 

results in a mixed phase material (Figs. 5.11(b) and 5.12(b)). The expected product 

VO(H2PO4)2 is now the minor phase and a hemihydrate (platelet-type) phase is the major 

component, as determined by XRD (Fig. 5.11(b)). Interestingly, the material recovered 

after the use of a platelet seed precursor, showed only VOHPO4·0.5H2O in the XRD 

pattern (Fig. 5.11(a)). In order to clarify this finding, the sample was also investigated by 

TEM, which gave results in full agreement with that of the XRD results. From SEM (Fig. 

5.12) both samples can be seen to consist of agglomerations of platelets. The crystallinity 

of the samples was also observed to increase markedly when compared to the un-seeded 

material produced by reactions carried out in 1-octanol. The XRD patterns of these 

samples share this characteristic with that of the standard hemihydrate exhibiting a 

platelet morphology. However, as noted previously the dominant reflection in the XRD 

pattern is now the (220) reflection, instead of the (001) reflection, because plate 

a) b)
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agglomerations cause an effective reduction in the fraction of VOHPO4·0.5H2O (001) 

planes that are exposed and accessible. In both cases the BET surface area was 

approximately 4 m2/g, which is comparable to that of VO(H2PO4)2 which has a surface 

area of 2 m2/g.  

 

 
Figure 5.11 Powder XRD patterns of material from reactions seeded with (a) platelets 
and (b) rosettes respectively using 3-octanol. ■ = VOHPO4·0.5H2O, □ = VO(H2PO4)2  
 

 
Figure 5.12 SEM micrographs of material recovered from the reactions seeded with (a) 
platelet and (b) rosette type seed precursors respectively in 3-octanol.  
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n-Butane oxidation experiments conducted using these materials indicate that 

despite the low surface area of these precursors, they still perform reasonably well. In 

particular, the sample recovered from a platelet seeded reaction, having a specific activity 

of 4.5 x 10-5 molMA/m2·h is significantly higher than that of a standard VPD rosette 

material (ca. 1.9 x 10-5 molMA/m2·h). The presence of minor quantities of the 

VO(H2PO4)2 phase in the rosette seeded sample concurs with the lower measured specific 

activity as compared to the former material. The enhanced specific activity of this mixed 

phase material is of interest since the presence of VO(H2PO4)2 typically leads to lower 

activity. 

5.1.4 Summary for the use of V-P-O ‘seed’ crystals in the VPD route  

The use of small amounts of vanadium phosphate materials as sacrificial seed 

precursors during the reaction of VOPO4·2H2O with alcohols (i.e. 1-octanol, 2-methyl-1-

propanol, 2-butanol or 3-octanol) has been shown to be effective not only in altering the 

morphology of the product, but it can also induce certain phase transformations. The use 

of a seed in these preparations shows that the rate of material formation can be increased. 

In the case of reactions involving 1-octanol, the seed overcomes a barrier to hemihydrate 

formation, which would usually prevent the hemihydrate material crystallizing and 

aggregating at reflux temperatures. This seeding method has proved beneficial in the 

formation of catalyst precursors for the selective oxidation of n-butane to MA. Material 

formed from a reaction in 3-octanol, seeded with a hemihydrate with platelet morphology, 

has a high specific activity of 4.5 x 10-5 molMA/m2·h. This compares favourably to the 
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VO(H2PO4)2 material produced from the standard reaction in 3-octanol, which was 

shown to have negligible activity.  

5.2 Use of a di-block copolymer template in V-P-O production  

5.2.1 Introduction 

2-poly(styrene-alt-maleic acid) (PSMA) has been investigated as a structure 

directing agent for a wide range of applications and has been shown to have a variety of 

different effects depending on the material synthesized. The morphology of PbS particles 

has been shown to be dependent on the relative amounts of PSMA and 

cetyltrimethylammonium bromide (CTAB) added into the preparation mixture.[15] This is 

proposed to be a result of the structure directing agents preferentially interacting with 

particular crystal faces of the PbS leading to kinetic control over growth in the [111] and 

[100] directions. Using the PSMA-CTAB mixture, star-like PbS particles with six 

symmetrical, perpendicular arms were formed, but cubic and spherical particles could 

also be produced if CTAB concentrations were increased. 

Diblock copolymers can also be used to promote the crystallisation of particular 

phases, a feature that has been studied for a range of diverse applications, from medicine 

to improving the strength of cement. Yu et al. showed that PSMA could have an 

application in preventing urolithiasis.[16] During the formation of CaOX the addition of 

the copolymer was found to promote the growth of the tetragonal phase, which is easily 

expelled from the body, over the monoclinic phase which is difficult for the body to expel 

and hence, forms kidney stones.  
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During the preparation of heterogeneous catalysts, preferentially exposing the 

active plane or preferentially forming the active phase can lead to an increase in 

selectivity and/or activity. In this section, we show that a diblock copolymer, PSMA, can 

dramatically influence the crystallinity and morphology of a vanadium phosphate (V-P-O) 

catalyst precursor.  

5.2.2 Experimental 

5.2.2.1 Materials preparation 

To prepare the standard vanadium phosphate presursor V2O5 (5.9 g, Strem) and 

H3PO4 (8.25 g, 85%, Aldrich) were added to isobutanol (2-methyl-1-propanol, 125 ml, 

Aldrich) and the mixture was heated under reflux conditions for 16 h. The resultant pale 

blue solid was recovered by vacuum filtration, and washed with alcohol (100 ml) and 

acetone (100 ml), then dried in air at 110 ºC. This material was denoted P0. 

For the copolymer modified materials V2O5 and H3PO4 were reacted in isobutanol 

with a small amount of Na-PSMA. In a typical preparation, PSMA (sodium salt solution, 

13%, Aldrich) was added dropwise to a solution of H3PO4 in 15 - 20 ml isobutanol under 

vigorous stirring until a homogeneous solution was formed. The remainder of isobutanol 

and V2O5 were then added and the reaction mixture was heated under reflux conditions 

for 16-18 h. The resultant pale blue solid was recovered by vacuum filtration and dried at 

110 ºC. Three samples were prepared with different PSMA to V2O5 weight ratios of 

1:260 (denoted P260), 1:130 (denoted P130) and 1:65 (denoted P65). The precursors P0, 

P260, P130 and P65 were activated at 400 ºC in-situ in a flow of 1.7% butane in air (150 
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h for P0, 20 h for P260, P130 and P65, respectively) to give their respective catalysts, 

denoted C0, C260, C130 and C65 as shown in Table 5.2. 

Table 5.2 Materials prepared by adding different amounts of PSMA.  
PSMA: V2O5 weight ratio Precursor # Catalyst # 

0 P0 C0 
1: 260 P260 C260 
1: 130 P130 C130 
1: 65 P65 C65 

5.2.2.2 Catalyst testing 

The catalytic conditions for testing the activity for n-butane oxidation over V-P-O 

catalysts have been described in sub-section 3.8.1.  

5.2.2.3 Electron microscopy characterization 

Scanning electron microscopy (SEM), bright field transmission electron 

microscopy (BF-TEM) and selected area electron diffraction (SAED) analyses were 

performed.  Experimental details for these characterization methods have been described 

in Chapter 3, section 3.6. 

5.2.2.4 Complementary characterization techniques 

BET surface area measurements and powder X-ray diffraction (XRD) were 

carried out as described in Chapter 3, sub-sections 3.9.1 and 3.9.2, respectively. 

5.2.3 Results and Discussion 

All of the precursor materials were shown by XRD to be the VOHPO4·0.5H2O 

phase (Fig. 5.13). However, a distinct change in morphology can be observed with 

increasing PSMA concentration. The standard precursor, P0, has the (220) as the most 

intense reflection. This decreases with increasing PSMA addition, while the (001) peak 
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increases until it is the most intense reflection (Table 5.3). The different patterns with 

different relative intensities of the (001) and (220) reflections have been previously 

shown to be characteristic of two distinct morphologies of VOHPO4·0.5H2O. The pattern 

with the (220) reflection as the dominant feature is typical of rosette-like structures, 

whereas the pattern with the (001) reflection as the dominant feature is typical of 

rhomboidal platelet structures. The XRD patterns also show that the precursors prepared 

with PSMA were more crystalline compared with the material prepared using standard 

procedures, and that the degree of crystallinity improved with increasing PSMA content. 

The BET surface area of the samples decreases with increasing PSMA addition (Table 

5.3). This is in keeping with a shift in morphology from rosettes to rhomboidal platelets, 

with rosettes typically being higher surface area.[8] 

 
Figure 5.13 Powder XRD patterns of: (a) P0; (b) P260; (c) P130 and (d) P65. All 
reflections can be assigned to VOHPO4·0.5H2O.  
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Table 5.3 Relative intensities of the (001) and (220) reflections for the VOHPO4·0.5H2O 
precursors calculated from the XRD patterns shown in Figure 5.13 and  BET surface area 
measurements before and after catalyst testing.  

SampleRelative Intensity
(001)/(220) 

Surface Area (m2g-1)
precursor    catalyst 

P65 1.60 10                11 
P130 1.53 13                15 
P260 1.01 19                21 

P0 0.47 10                12 
 

The electron microscopy results correlate well with the XRD data. SEM analyses 

of the precursors show that they are a mixture of characteristic rosette-like agglomerates 

of angular platelets together with isolated rhomboidal crystallites (Fig. 5.14).  

 
Figure 5.14 SEM micrographs of the precursors (a) P0, (b) P260, (c) P130 and (d) P65 
(spherical particles are arrowed). 
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From the micrographs it can be seen that as the amount of PSMA in the 

preparation was increased the number of rosette

proportion of rhomboidal 

intensity of the (220) and (001) reflections observed in the XRD patterns (Fig. 5.13, 

Table 5.2). For the material prepared with the highest PSMA concentration (P65) there 

are also a number of small spherical particles with size ranging 0.1 

highlighted by arrows (Fig. 5.14

TEM analyses of the rhomboidal platelets are shown in Figure 5.15. It can be seen 

that the crystallites develop more defined morphologies 

increased. This is in keeping with the proposed mechanisms for how the 

copolymer acts as a structure directing agent. PSMA consists of two separate monomers

as shown below:-  

The styrene group is present to aid solubilization of the polymer in the solvent, 

whereas the maleic acid group is present to interact with t

and crystal planes, giving rise to the structure directing properties

proposed to be due to a specific orientated adsorption of the copolymer onto particular 

crystal planes, preventing growth in that directio

perpendicular planes.[15,16]
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From the micrographs it can be seen that as the amount of PSMA in the 

preparation was increased the number of rosette-like agglomerates decreased and the 

rhomboidal platelets increased, in good agreement with the change in 

20) and (001) reflections observed in the XRD patterns (Fig. 5.13, 

Table 5.2). For the material prepared with the highest PSMA concentration (P65) there 

are also a number of small spherical particles with size ranging 0.1 - 

rows (Fig. 5.14(d)).  

TEM analyses of the rhomboidal platelets are shown in Figure 5.15. It can be seen 

develop more defined morphologies as the amount of PSMA is 

increased. This is in keeping with the proposed mechanisms for how the 

copolymer acts as a structure directing agent. PSMA consists of two separate monomers

 

The styrene group is present to aid solubilization of the polymer in the solvent, 

whereas the maleic acid group is present to interact with the inorganic material

, giving rise to the structure directing properties. This has been 

proposed to be due to a specific orientated adsorption of the copolymer onto particular 
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Table 5.2). For the material prepared with the highest PSMA concentration (P65) there 
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as the amount of PSMA is 

increased. This is in keeping with the proposed mechanisms for how the diblock 

copolymer acts as a structure directing agent. PSMA consists of two separate monomers 

The styrene group is present to aid solubilization of the polymer in the solvent, 

material interfaces 
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proposed to be due to a specific orientated adsorption of the copolymer onto particular 

n, while promoting crystal growth in the 
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In this study the PSMA seems to promote the formation of the rhomboidal 

platelets as the number of rosette agglomerations decreases with increasing copolymer 

concentration. For the material prepared in the absence of PSMA the crystals have rough, 

ill-defined edges leading to hexagonal particles. When a small amount of the copolymer 

is added (P260) the hexagonal crystallites become more regular, with well defined edges. 

The angle between the two long, straight pairs of terminating facets at the platelet edge 

(Fig. 5.15(b)) have a characteristic value of 143-144°. These correspond to the (140) and 

(14�0) facet planes of the VOHPO4·0.5H2O phase. The angle between the flat tip and the 

platelet edge (140) facet plane is around 72°, which means this tip corresponds to (100) 

facet planes of VOHPO4·0.5H2O. The aspect ratio (AR, length/width) of sample P260 is 

around 1.78. As the amount of PSMA is gradually increased (P130) the AR increases to 

around 2.49 (Fig. 5.15(c)) while the (100) facet plane becomes jagged. At the highest 

concentration (P65) the (100) facet plane disappears and the AR has reached its upper 

limit at around 3.0 in most of the particles giving four sided, rhombic crystallites (Fig 

5.15(d)). It is apparent that PSMA can promote the grain growth along the {140}-type 

planes of VOHPO4·0.5H2O. 

Selected area diffraction patterns (SADPs) obtained from these platelets (Fig. 

5.15(a-d)) indicated that they were all [001] oriented VOHPO4·0.5H2O platelets (one 

example is shown in Fig. 5.15(d1)), however, the spherical particles observed at high 

PSMA concentration were found to be VO(H2PO4)2 (Fig. 5.15(d2)). VO(H2PO4)2 is often 

found as an unwanted impurity phase in the preparation of VOHPO4·0.5H2O, although it 

can be removed through washing as it is water soluble.[17]  It has been previously reported 
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that the production of VO(H2PO4)2 is unavoidable due to the reaction with aldehyde 

formed during the reduction of V2O5 with alcohol.[18,19]  

 

  
Figure 5.15 BF-TEM micrographs of the precursors (a) P0, (b) P260 (AR: 1.78), (c) 
P130 (AR: 2.49) and (d) P65 (AR: 3.00); SADPs from (d1) rhombic platelet (#1 in d) – 
[001] VOHPO4·0.5H2O and (d2) sphere (#2 in d) – [001] (VO(H2PO4)2); Simulated and 
indexed SADPs of (e) the [001] projection of VOHPO4·0.5H2O and (f) the [001] 
projection of (VO(H2PO4)2). 
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However, in this study VO(H2PO4)2 was only observed with high amounts of 

PSMA. This could be an indication that there is an optimum quantity of PSMA required 

to form the highly crystalline VOHPO4·0.5H2O platelets. It is also interesting to note that 

the VO(H2PO4)2 crystallites formed are spherical rather than their usual cubic 

morphology.[18,19] The formation of spherical particles is common when an excess of the 

copolymer structure directing agent is added to a preparation and is thought to be a result 

of the diblock copolymer forming a very strong interaction between the polymer and the 

crystallizing VO(H2PO4)2 which effectively suppresses the crystal growth.[20]  

When these precursor materials were tested as catalysts for n-butane oxidation 

they were found to activate in a very short period of time compared to the standard 

vanadium phosphate materials (Fig. 5.16). Typically, the performance of a standard 

catalyst gradually increases as the VOHPO4·0.5H2O precursor is gradually transformed 

in-situ to the active catalyst ((VO)2P2O7 plus some additional V5+ phases) over a period 

several days before it equilibrates and reaches a steady state performance (Fig. 5.16(a)).[3] 

The materials prepared with PSMA became active much more quickly and reached a 

steady state performance in a matter of hours (Fig. 5.16(b)). This fast activation is 

attributed to the high degree of crystallinity facilitating the removal of water from the 

VOHPO4·0.5H2O lattice during the dehydration step. 



 

Figure 5.16 Butane oxidation over
after >100 h on line; (b) P65 
maleic anhydride selectivity; 
 

The transformation of the active catalyst has been well studied previously and 

found to be topotactic.[1-3]
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Butane oxidation over: (a) P0 – steady state performance is reached 
b) P65 – steady state performance is reached after >15 h on line.

anhydride selectivity; □ conversion. 1.5% butane in air, 400 ºC, 3000 h

The transformation of the active catalyst has been well studied previously and 

3] The characterization of the catalyst after activation

this is the case for the samples prepared using PSMA as can be seen from SEM (Fig. 5

micrographs. The SEM micrographs of catalysts C130 (Fig. 5

) show the same morphological features observed 

5.14(c)) and P65 (Fig. 5.14(d)). The activated catalysts consist of a 

mixture of rhomboidal platelets and rosette-like agglomerates of platelets. 

spherical particles were found to persist in catalyst C65 which are highlighted by arrows

SEM micrographs of the catalysts: (a) C130 and (b) C65. 
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In the BF-TEM micrographs of catalysts C130 and C65 (Figs. 5.18(a)(b)), both 

are found to retain their rhomboidal morphologies after activation and have the similar 

microstructures, namely interior oblong crystallites and serrated rims (Figs. 5.18(c-f)).  

Inset SADPs taken from the platelet normal indicate that they are [100] orientated 

(VO)2P2O7 phase. The angles between the long straight pairs of terminating facets at the 

platelet edge have a characteristic value of 143-144° as in the precursors, confirming that 

an in-situ topotactic transformation has indeed occurred.  

 
Figure 5.18 BF-TEM micrographs of (a) activated catalyst C130 {inset SADP from 
rhomboidal platelet corresponds to [100] (VO)2P2O7}; (b) activated catalyst C65 {inset 
SADP from rhombic platelet #1 - [100] (VO)2P2O7}; higher magnification BF TEM 
micrographs of (c) the interior (#2 in b) and (d) rim region (#3 in b) of rhombic platelet 
(#1 in b); low pass filtered HREM micrographs of (e) small oblong crystallites from area 
#2 in b showing the [100] projection of (VO)2P2O7 with (010) and (001) facet 
terminations and (f) the serrated rim region (#3 in b) showing characteristic (012) and 
(01�7) facet planes with an intersection angle at around 153° and the disordered overlayer 
(#4). 
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The (VO)2P2O7 formed from this transformation is much more crystalline for the 

materials prepared using the copolymer structure directing agent than for the standard 

material. This can be seen by the sharpening of the (200) reflection in the XRD patterns 

(Fig. 5.19), however, from the TEM studies (Fig. 5.18) it can be clearly seen that, 

although the interior of the platelets is crystalline, an thin amorphous rim forms around 

the edge of the platelet. This is in keeping with our previous observations that the active 

site for n-butane oxidation is an amorphous overlayer on a crystalline or amorphous bulk 

support.[21,22]  

 
Figure 5.19 Powder XRD patterns of (a) C0, (b) C130 and (c) C65 catalysts. All 
reflections can be assigned to (VO)2P2O7.  

5.2.4 Summary for the use of a di-block copolymer template in V-P-O production 

Using a diblock copolymer as a template in the preparation of a vanadium 

phosphate catalyst has been shown to influence the morphology of the synthesized 

material and also the performance of the activated catalyst. Samples prepared using this 

methodology were much more crystalline than those prepared using standard 

methodologies which is attributed to the copolymer template acting as a structure director. 

It is thought that the template can interact with the (001) VOHPO4·0.5H2O plane 
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preventing growth in this direction. This leads to very regular rhomboidal crystals, rather 

than the lozenge shaped crystals obtained from standard preparations.  

For these catalysts the increased crystallinity and morphological changes gives 

rise to a much faster in-situ transformation of the precursor to the active catalyst, 

resulting in a stable steady state performance being reached in a matter of hours as 

compared to days for the standard catalyst. During the activation of the precursor material 

there are two processes occurring; the dehydration of VOHPO4·0.5H2O to form 

(VO)2P2O7 together with a disordering of the surface of the catalyst. The high 

crystallinity of the precursors prepared using a diblock copolymer template aids the 

dehydration step, which increases the speed of the activation process before the 

amorphous surface forms to give the final catalyst after 4 h. 

This methodology, although demonstrated here for vanadium phosphate catalysts, 

could potentially also be applied to a number of mixed oxide or metal phosphate catalyst 

preparations to produce more crystalline, uniform catalysts. 

5.3 V-P-O/SiO2 core-shell materials for use in fluidized bed reactors  

5.3.1 Introduction 

Improvements in catalyst activity and specificity have been sought through 

supporting various V-P-O precursors on higher surface area materials. Silicon carbide,[23] 

oxides[24,25] and micro-porous solids[26] have been used as supports which have purported 

to show improved heat transfer, increased mechanical strength and higher surface area to 

volume ratio of the active V-P-O component. The use of high surface area silica gels[27] 

and fumed silica[28] supports has led to diverse results under the reported reaction 
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conditions. Typically, during the preparation of these V-P-O materials VOPO4 phases are 

more prevalent, which effectively increases the V5+/V4+ ratio in the catalyst. When 

compared to the unsupported (VO)2P2O7, the MA selectivity is subsequently impaired for 

these supported types of materials. However, Bueno et al.[27] reported that the use of 

fumed silica increases the specific activity by five times for a 15 % VPO/SiO2 sample 

over the un-supported V-P-O (1.5 % Bu 17.5 % O2, 1200 h-1 GHSV, 380 °C). Conversely, 

deposition of silica on the surface of (VO)2P2O7 resulted in deactivation of the catalyst as 

reported by Inumaru et al.[29] The activity was partially regained through subsequent 

fracturing of the silica layer and was correlated to specific selective planes. The benefits 

of improved heat transfer are well suited to the typical fixed-bed operation. However, this 

mode of operation necessitates the use of an n-butane feed which is heavily diluted (ca. 

1.5% butane in air). To overcome this feed composition drawback and the potential 

problem of hot-spots; fluidized-bed reactors have been employed.[30] However, the V-P-O 

catalyst requires an improved attrition resistance for longevity in this kind of 

mechanically dynamic environment.[31]  

DuPont has developed a specialized form of V-P-O catalyst for this fluidized bed 

process, which is the subject of the current investigation. This DuPont catalyst consists of 

a V-P-O core (ca. 150 µm) surrounded by a porous silica shell (ca. 2 µm) to improve its 

attrition resistance in a circulating fluidized bed reactor. The specific intended application 

of this catalyst was for the manufacture of a monomer used in LYCRA®; namely 

tetrahydrofuran (THF) (Fig. 5.20) which could be formed through the catalytic 

hydrogenation of maleic acid from maleic anhydride. The plant capacity for THF was 

100 MMlb/year. The reactor for maleic anhydride production consisted of separate 



 

oxidation and reduction chambers

through the reactor with alternate lattice oxygen regeneration, followed by the catal

conversion of n-butane to maleic anhydride

catalyst charges were envisaged to have up to two years of continuous service in the 

circulating fluidized bed reactor (CFBR). 

Figure 5.20 The DuPont two
intermediate.  
 

Figure 5.21 Schematic diagram of the industrial 
showing the reactor (reducing environment) on the right and regenerator (oxidizing 
environment) on the left. V
n-butane to maleic anhydride in the reactor and are re
 

n-butane

[O]

204 

oxidation and reduction chambers as shown in Figure 5.21.[32] The catalyst was circulated 

through the reactor with alternate lattice oxygen regeneration, followed by the catal

butane to maleic anhydride. In this reactor system the V

catalyst charges were envisaged to have up to two years of continuous service in the 

circulating fluidized bed reactor (CFBR).  

The DuPont two-step production of tetrahydrofuran via a maleic acid 

Schematic diagram of the industrial circulating fluidized bed reactor
showing the reactor (reducing environment) on the right and regenerator (oxidizing 

ronment) on the left. V-P-O materials are used to catalyze the selective oxidation of 
butane to maleic anhydride in the reactor and are re-oxidized in the regenerator. 
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Several research centers worldwide have received samples of this V-P-O/SiO2 

material for analysis, with the eventual aim of combining the extensive body of results 

generated, in an effort to understand further the functionality of this V-P-O catalyst. We 

present here our attempts to evaluate comprehensively the catalyst in precursor, freshly 

activated and equilibrated states. This has been achieved through n-butane oxidation at 

various temperatures and feedstock flow rates. Several conventional characterization 

techniques (i.e. BET, XRD, SEM, TEM, XPS) have been employed to study the catalyst 

structure and composition in detail at the various stages of its lifetime. In addition, we 

have used a novel X-ray ultramicroscopy (XuM) technique[33] within an SEM 

environment to obtain information on the internal structure of individual core-shell V-P-

O/SiO2 particles without the need for physical sectioning. 

5.3.2 Experimental 

5.3.2.1 V-P-O materials preparation 

The V-P-O precursor was prepared on a commercial scale in an organic medium 

with iso-butanol and benzyl alcohol. This was followed by micronization to 1-2 µm, then 

spray-dried with polysilicic acid to form a porous silica shell; containing up to 10 % 

silica. The catalyst precursor (VOHPO4·0.5H2O) was then calcined at 390 °C in the 

regenerator zone of the demonstration reactor, to form the active catalyst {(VO)2P2O7}. 

Additionally, a sample of the equilibrated catalyst was investigated which had been used 

for >2 years on-line in an industrial circulating reactor and supplied for investigation. 

Hereafter, these samples are referred to as the precursor, freshly activated and 

equilibrated materials. The nominal silica content for the materials is 9 % for the 
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precursor, and 5 - 20 % for the equilibrated sample, although this is subject to some 

variability. 

5.3.2.2 Catalyst testing 

The catalytic conditions for testing the activity for n-butane oxidation over V-P-O 

materials have been described in sub-section 3.8.1.  

5.3.2.3 Electron microcopy characterization 

A range of electron microscopy techniques were used to characterize the V-P-

O/SiO2 materials structurally in the precursor, freshly activated and equilibrated states. 

Scanning electron microscopy (SEM), bright field transmission electron microscopy (BF-

TEM) and selected area electron diffraction (SAED) analyses were carried out as 

described in Chapter 3, section 3.6. 

X-ray ultra-Microscopy (XuM) analyses were performed in an FEI XL30 ESEM 

equipped with a Gatan XuM system. Each V-P-O/SiO2 sphere was individually glued to 

the tip of a carbon fiber/epoxy needle, and carbon coated, for XuM analysis. XuM 

utilizes the X-rays generated in an SEM when the electron beam is focused onto a Pt foil 

target. This essentially provides a point source of X-rays which can then pass through a 

nearby sample, an un-sectioned V-P-O/SiO2 sphere in this case, and generate a projection 

image on an X-ray sensitive CCD camera. The resultant X-ray image contains both 

absorption and phase contrast information, the latter of which provides edge enhancement 

for boundaries, cracks and micropores as well as a contrast mechanism for low density 

materials. In addition, the XuM allows the possibility of collecting tomographic data 

which can provide a 3D visualization of the shape and relative distribution of inclusions 
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and micropores within the volume of material under analysis. The tungsten filament 

XL30 ESEM was used in the large spot size, high current regime in order to generate the 

high X-ray fluxes required for the XuM technique.  

5.3.2.4 Complementary characterization techniques 

Surface area measurements, XRD and XPS experiments were performed as 

described in Chapter 3, sub-sections 3.9.1, 3.9.2 and 3.9.3, respectively.  

5.3.3 Results and Discussion 

5.3.3.1 Catalytic performance 

The BET surface area was determined to be 25m2/g, 33m2/g and 11m2/g for the 

precursor, calcined and equilibrated catalyst materials, respectively. The catalysts were 

evaluated in a fixed bed micro-reactor operating under different n-butane feedstock flow-

rates and reaction temperatures. The V-P-O/SiO2 materials were used as-received and 

were typically comprised of particles 20-150µm in diameter. Firstly the precursor was 

activated in-situ (Fig. 5.22) and the reaction product analysis was performed on-line. 

During this activation period, both conversion and MA selectivity improve in a fashion 

similar to that previously reported for standard hemihydrate precursors.[8] The 

approximate 72 h activation period was also found to be consistent with values noted for 

standard V-P-O catalysts. At 400 °C and a GHSV of 3029 h-1 the selectivity to MA was 

ca. 58 % at a conversion of ca. 80 %.  

The equilibrated catalyst showed a marked loss in activity and selectivity towards 

MA production. More specifically, at 37 % conversion the catalyst was able to achieve 

only 22% selectivity to MA. In order to better understand how this decrease in 
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performance happened after two years on line, a wide variety of techniques (i.e. XRD, 

SEM, TEM, XuM, XPS) have been performed on the precursor, freshly activated and 

equilibrated materials.  

 
Figure 5.22 Time-on-line selectivity and butane conversion data over the V-P-O/SiO2 

precursor (S.A. 25 m2/g). Butane conversion = ■. Selectivity; □ = MA, ○ = CO2 and ∆ = 
CO.  

5.3.3.2 Catalyst characterization 

Powder X-ray diffraction 

The powder XRD patterns of the precursor, freshly activated and equilibrated 

catalysts are shown in Figure 5.23. For the precursor material all the reflections present 

can be assigned to the hemihydrate (VOHPO4·0.5H2O) phase. The freshly activated 

catalyst shows peaks consistent with the vanadyl pyrophosphate ((VO)2P2O7) phase. In 

comparison, the XRD pattern from the equilibrated catalyst shows that it is not a single 
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phase material. In addition to the majority (VO)2P2O7 phase, significant amounts of β-

VOPO4 were found. 

 
 
Figure 5.23 Powder XRD of the precursor, freshly activated and equilibrated V-P-
O/SiO2 materials; ■ (VO)2P2O7, □ = β-VOPO4, • VOHPO4·0.5H2O.  
 
Scanning Electron Microscopy (SEM) 

Figure 5.24 shows a montage of SEM and XuM micrographs from the precursor 

(column 1), freshly activated (column 2) and equilibrated (column 3) V-P-O/SiO2 

materials. Shown in Figure 5.24; Row 1 are a series of low magnification SEM 

micrographs in which the general spherical morphology of the three materials can be seen. 

For the precursor and freshly activated materials the particle diameters were both found 

be in the 20-150µm size range, whereas for the equilibrated material this has reduced 

significantly to a size range of 20-100µm presumably due to extended exposure to the 

10 20 30 40 50 60

2θ(degrees)

Precursor

Equibrilated

CalcinedFreshly activated 



210 

 

mechanically abrasive environment of the fluidized bed reactor. The form of the SiO2 

shell encapsulating the V-P-O material also exhibits a definite evolution during the 

course of the material lifetime as shown by the higher magnification SEM micrographs 

presented in Figure 5.24, row 2. In the precursor material the amorphous shell is highly 

porous and contains multiple fissures. The SiO2 shell in the freshly activated catalyst still 

has a rough, porous texture and shows some evidence of additional surface debris. Both 

the precursor and freshly activated catalyst also show evidence of gross surface 

protrusions or ‘blisters.’ In stark contrast, the equilibrated catalyst, which has suffered 

exposed to a severely abrasive environment in the circulating catalyst reactor, shows 

much smoother and rounder silica shells in which numerous angular crystalline VPO 

fragments, about 100-200nm in size, are embedded. In each case it was possible to find 

particles which had fractured to reveal the interior microstructure as shown in Figure 5.24, 

row 3. In addition to showing the complicated structure of the internal crystalline V-P-O 

material, such fractured particles also show evidence of internal porosity. If these pores 

or bubbles are just below the surface region they can give rise to the characteristic 

external ‘blisters’ or protrusions noted on the outer surface of the particle. The fracture 

surfaces also expose the SiO2/V-P-O interface region as shown in Figure 5.24, row 4. In 

the equilibrated catalyst, the SiO2 layer is dense and a definite V-P-O/SiO2 interface is 

visible. In direct contrast, the silica layer in both the precursor and freshly activated 

materials is porous and the SiO2/V-P-O interface is more diffuse and ill-defined. 



 

Figure 5.24 SEM (rows 1

(column 1), freshly activated catalyst 
(column 3). 
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rows 1-4) and XuM (row 5) micrographs of the precursor material 
freshly activated catalyst (column 2) and 2-year equilibrated catalysts

 

micrographs of the precursor material 
year equilibrated catalysts 
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X-ray Ultramicroscopy (XuM) 

To examine the interior of these composite particles, without sectioning or 

damaging the particles, we have for the first time employed X-ray projection microscopy 

within an SEM environment (Fig. 5.24; row 5) to examine catalyst materials. Internal 

porosity, associated with the surface blisters are frequently seen in the precursor and 

freshly activated catalyst by X-ray phase contrast (Fig. 5.24; row 5; columns 1 & 2).  

 
Figure 5.25 SEM (row 1) and corresponding XuM (row 2) micrographs of three particles 
from the 2-year equilibrated catalyst showing the presence of significant internal porosity.  
 

The interior V-P-O crystallites are most clearly imaged by X-ray absorption 

contrast in the equilibrated catalyst (Fig. 5.24; row 5; column 3). This particular image 

also shows a clearly delineated 2-5µm thick SiO2 shell, whereas the SiO2/V-P-O interface 

is less well defined in the precursor and freshly activated materials. In fact, XuM analysis 

of the equilibrated V-P-O/SiO2 material (Figs. 5.25(b)(d)), showed that the internal 

a c e

b d f



213 

 

porosity arising from the blistering or trapped gas in the precursor shell can still be 

retained even after extended use. Furthermore, about 5% of the particles in the 

equilibrated material are hollow having completely lost their internal V-P-O material (Fig. 

5.25(f)), while still retaining an almost spherical external morphology (Fig. 5.25(e)). 

Such degraded particles are also likely to be catalytically inactive.  

Transmission Electron Microscopy (TEM) 

Crushing the V-P-O/SiO2 particles and dispersing them on a holey carbon grid 

allowed us to examine their contents in more detail within the TEM. A montage of BF-

TEM micrographs, selected area diffraction patterns (SADPs) and simulated electron 

diffraction patterns from the precursor, freshly activated and equilibrated catalysts are 

presented in Fig. 5.26. The precursor material (shown in Fig. 5.26(a)) consists of irregular 

platelets ranging between 100 nm and 3µm in size. Each platelet was found to be single 

crystalline and SADPs obtained along platelet normal direction were consistent with the 

[001] projection of VOHPO4·0.5H2O. Figure 5.26(b) shows the typical V-P-O 

morphology found in the freshly activated catalyst. Each ‘platelet’ is composed of an 

agglomerate many tiny crystallites that are typically ~40 x 40 nm in size. SADP’s from 

individual platelets show them to be a collection of highly textured, bur not perfectly 

oriented, (VO)2P2O7 crystallites exhibiting a common [100] direction normal to the 

platelet. This suggests that the starting single crystals of VOHPO4·0.5H2O topotactically 

transform into platelets of roughly the same dimension which are composed of an ordered 

textured mosaic of (VO)2P2O7 nanocrystals. In the 2-year used V-P-O/SiO2 materials (Fig. 

5.26(c)-(e)), three distinct types of V-P-O material were found. The first and most 

abundant morphology (shown in Fig. 5.26(c)), is an identical (VO)2P2O7 structure to that 



 

described for the freshly activated materials in Figure 5.26(b). The other minority phases 

identified by SAED analysis were 

irregularly shaped morphology and angular 

angularly shaped morphology. 
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described for the freshly activated materials in Figure 5.26(b). The other minority phases 

identified by SAED analysis were β-VOPO4 crystallites (Fig. 5.26(d)) having an 

irregularly shaped morphology and angular δ-VOPO4 platelets (Fig. 5.26(e)) with an 

ularly shaped morphology.  
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(d) 

   
(e) 

Figure 5.26 BF-TEM micrographs (colunm 1), SADP’s (column 2) and simulated & 
indexed SADPs (column 3) of (a) a [001] VOHPO4·0.5H2O phase platelet in the 
precursor material; (b) a [100] (VO)2P2O7 platelet in calcined catalysts. The 2 year 
equilibrated particles showed the co-existence of (c) [100] (VO)2P2O7, (d) [010] β-
VOPO4 and (e) [110] δ-VOPO4 phases. 
 
X-Ray Photoelectron Spectroscopy (XPS)  

XPS analysis (Table 1) of the precursor, freshly activated catalyst and equilibrated 

material showed several additional interesting features. Even though the materials were 

examined in an uncrushed state for XPS analysis, all showed significant amounts of 

surface V and P (Table 5.4). For the precursor and freshly activated materials these 

signals probably originate from two sources: namely V and P atomically dispersed within 

the SiO2 shell and internal V-P-O exposed from occasional cracked or broken spheres. 

For the equilibrated materials, as shown by SEM, there were additional fragments of V-

P-O material embedded in the smooth SiO2 shell which contribute to the V(2p) and P(2p) 
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XPS signals; the P(2p) binding energies observed for the 3 catalysts are very consistent at 

133.9 +/- 0.1 eV. It is expected that any SiO2 spheres which fractured during extended 

use could spill their V-P-O contents, the ground up fragments of which could 

subsequently become embedded in the surface regions of the SiO2 shells. An additional 

point worth noting from Table 5.4 is that the used materials showed significant traces of 

surface Fe, a contaminant which probably arises from attrition of the walls of the 

stainless steel reactor vessel during extended use. This Fe contamination has also been 

shown in work conducted on the same equilibrated material at another institution which 

is part of the VPO workshop.[34] The higher proportion of V5+ species in the surface of 

the equilibrated catalyst, is consistent with the presence of some VOPO4 phases, in 

addition to (VO)2P2O7. This is in a good agreement with the XRD and TEM observations 

of β- and δ-VOPO4 are present in the equilibrated V-P-O/SiO2 sample.  

Table 5.4 Surface composition of the three samples as determined from XPS analysis.  

Sample 
Atom % 

O Si V P Fe N 

Precursor 72.4 22.0 1.9 3.7 0 0 

Freshly activated 71.8 7.7 7.9 12.7 0 0 

Equilibrated 64.1 8.7 5.3 15.5 3.5 2.8 

 

5.3.3.3 Possible reasons for the decrease in catalytic performance with time on line 

The equilibrated catalyst showed a marked loss in activity and selectivity towards 

MA production. More specifically, at 37 % conversion the catalyst was able to achieve 

only 22% selectivity to MA. From the structural characterization data obtained on the 
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equilibrated material it is clear that this decrease in performance is due to the 

development of V5+ phases. It has been well documented that the presence of such V5+ 

phases can result in a lower activity.[35,36] In fact, the equilibrated catalyst remains 

relatively active despite the significant surface smoothing and obvious reduction in the 

size and number density of pores in the SiO2 shell (Fig. 5.24). High resolution SEM 

micrographs (Fig. 5.24, row 2) also show that discrete shards of V-P-O material are 

embedded into the SiO2 surface, which may explain, in part, why a relatively efficient 

performance level is retained even after 2 years of intensive service in the CFBR. 

However, for operation in the CFBR environment the transport of oxygen through the 

protective shell may be impeded by the increased density of the silica, resulting in some 

measurable loss of catalyst efficiency. Additionally, the presence of iron (3.5 atom%) in 

the sample may affect the product selectivity, if not the activity. Zazhigalov et al.
[37] 

reported such a phenomenon with a V2O5-H3PO4-CoCl2 catalyst, where the inclusion of 

Fe from apparent equipment corrosion lowered MA selectivity. Additionally Sananes-

Schulz et al.[38] previously reported that the addition of an iron dopant (at 1 %) led to 

increased volume fraction of VOPO4 domains during activation. This resulted in lower 

crystallinity of the pyro-phosphate catalyst and subsequently degraded catalytic 

performance. 

5.3.4 Summary for V-P-O/SiO2 core-shell materials for use in fluidized bed 

reactors 

Reaction evaluation and novel characterization techniques have allowed us to 

study in great detail the DuPont V-P-O/SiO2 industrial catalyst. n-Butane oxidation has 
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shown similarities to standard literature examples under fixed-bed operation in terms of 

the specific activity. From this initial study we have been able to identify several 

structural aspects of the 2-year equilibrated catalyst which have contributed to its 

markedly decreased activity. In particular, the microstructural analysis shows that during 

use the silica layer becomes more pronounced and dense leading to loss in the overall 

activity on a weight basis. However, on the basis of surface area the specific activity is 

largely retained, indicating that, once the required microstructure is established, it is the 

surface area of the catalysts that largely controls the overall effectiveness of the material 

as a catalyst. Furthermore, we show that X-ray ultra-Microscopy can be a very incisive 

technique in revealing the internal structures of such composite catalyst particles. 

5.4 Overall conclusions and suggestions for future work 

In this chapter, three different novel routes for preparing V-P-O catalysts have 

been explored; namely (i) the use of V-P-O ‘seed’ crystals in the VPD route, (ii) the use 

of a di-block copolymer template in V-P-O production and (iii) the encapsulation of 

fragile V-P-O catalysts with a mechanically resistant SiO2 shell. These new methods have 

all shown some specific advantages over the conventional VPA, VPO or VPD methods.  

In the seeding experiments, VOHPO4·0.5H2O was prepared from VOPO4·2H2O 

using 1- and 3-octanol, 2-butanol and 2-methyl-1-propanol, respectively, as both solvent 

and reducing agent. With 1-octanol the reaction temperature was found to be crucial in 

obtaining a high yield of the precursor phase, and at temperatures ≥160 °C a solution, 

containing V4+ ions formed in preference to VOHPO4·0.5H2O. However, 

VOHPO4·0.5H2O formation can be achieved above 160°C by carrying out the reduction 
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process in the presence of a small amount of V-P-O material which effectively acts as a 

templating seed. The use of this seeding concept is shown to have a dramatic effect on 

altering the morphology of the final activated catalyst and on inducing certain phase 

transformations. Specifically when 3-octanol is used, VO(H2PO4)2 is solely generated, 

except in the presence of a V-P-O seed where significant amounts of VOHPO4·0.5H2O 

can also be formed. This material shows a high specific activity of 4.5 x 10-5 molMA/m2·h 

which is much better than the negligible activity exhibited by the VO(H2PO4)2 material 

generated from the un-seeded reaction in 3-octanol. Our findings show that both the 

phase composition and morphology of vanadium phosphates can be influenced by the use 

of seeds during the preparation process.  

A diblock copolymer has been shown to be an effective template in the 

preparation of a vanadium phosphate catalyst. It can influence the morphology as well as 

the crystallinity of the synthesized material and hence improve the performance of the 

activated catalyst. The templated V-P-O precursor materials are more crystalline as 

compared with those prepared using standard methodologies. This can be attributable to 

the possibility that the copolymer template acts as a structure director, which can promote 

the grain growth along the {140}-type planes of VOHPO4·0.5H2O resulting in the 

formation of rhombic crystallites. Due to the increased crystallinity and morphological 

changes, these templated V-P-O materials give rise to a much faster in-situ precursor-to-

catalyst transformation. Two processes are believed to occur during the activation of the 

precursor material, namely (i) the dehydration of VOHPO4·0.5H2O to form (VO)2P2O7 

and (ii) a disordering of the surface of the catalyst, the former step of which benefits from 
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the high crystallinity of the templated V-P-O precursors resulting in a significantly 

increased speed of the activation process. 

Putting a protective silica shell around the V-P-O core material shows a great 

advantage in protecting V-P-O materials from being fractured in a circulating fluidized 

bed reactor (CFBR). The V-P-O/SiO2 industrial catalyst exhibited a reasonable initial 

catalytic performance, however after more than two years on line a huge degradation in 

the performance was observed. Three DuPont V-P-O/SiO2 industrial catalysts, namely (i) 

the catalyst precursor, (ii) the calcined precursor and (iii) equilibrated material (2 years 

on-line), were studied by a wide variety of characterization techniques (e.g. XRD, SEM, 

TEM and XPS) and a novel X-ray ultraMicroscopy (XuM) technique. From this initial 

study we have been able to identify several structural aspects of the 2-year equilibrated 

catalyst which have contributed to its markedly decreased activity. These include (i) 

presence of V5+ (e.g. β-VOPO4) phases which are not active phases for n-butane 

oxidation, (ii) silica shell surface smoothing and decrease in porosity and (iii) loss of V-

P-O material from within the shells (~5% of all particles) and destruction of particles. 

In the seeding method, the V-P-O sacrificial seed is effective in altering the 

morphology of the product and inducing certain phase transformations. The precise 

mechanism for this seeding effect is not well understood. A set of intermediate materials 

collected during the seeding experiment (i.e. after 0.5h, 4h, 12h and 24h of refluxing) 

could be recovered and studied by electron microscopy techniques in order to follow the 

evolution of the seeding effect. In addition only the E-phase (VO(H2PO4)2) was 

investigated and found to transform with the assistance of appropriate V-P-O seeds in this 

work. Further studies could be designed in order to exploit the seeding effect to minimize 
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the amounts of other undesired V-P-O polymorphs (e.g. α-VOPO4 and β-VOPO4) in the 

preparation.  

In the copolymer template method, although the activation time required to 

convert the precursor material to the active catalyst was decreased significantly, the 

activity and selectivity to MA was similar to that of V-P-O catalysts prepared using 

standard methods. It is well known that V-P-O catalysts prepared by either VPA, VPO or 

VPD route have a similar specific activity, although they usually show different activities 

and selectivities. This implies that the surface structure of the activated catalysts 

generated from standard preparation routes are very similar.[8] It is apparent that the 

ability to prepare a high-surface area V-P-O catalyst can improve its activity and 

selectivity to MA production. The previous chapter has shown that the alkane treatment 

of VOPO4·2H2O before the alcohol reduction could create nano scale rhomboidal 

VOHPO4·0.5H2O platelets having a poor crystallinity. If the copolymer template is added 

together with the alcohol in the reduction step, a nano scale VOHPO4·0.5H2O material 

with a high crystallinity might be expected, which could exhibit a fast activation and have 

a better specific activity.  

In the method involving the encapsulation of fragile V-P-O catalysts within a 

mechanically resistant SiO2 shell, the outer SiO2 shell was found to be intact for the 

initial few days, but became densified over a longer time period which prevented the 

reactant gas and the products transferring through the shell, resulting in a pronounced 

decrease of the catalytic performance. So a more mechanically resistant porous shell 

needs to be developed, which could firstly maintain intact after a long time of mechanic 

abrasion and secondly is not detrimental to the catalytic activity of V-P-O catalysts. Some 
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of the potential candidates could be SiC, Si3N4 and BN, which are known to be hard 

ceramic materials.[39] As heat-conductive ceramics, when used as supports for V-P-O 

catalysts, they did not show detrimental effects to the catalytic activity of V-P-O 

catalysts.[23] These properties present in SiC, Si3N4 and BN meet the requirements as a 

support of the fragile V-P-O catalyst that is used in a CFBR. 
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Chapter 6 Nanostructural and Chemical Characterization of Niobium 

Phosphate (Nb-P-O) Oxidative Dehydrogenation Catalysts  

6.1 Introduction 

6.1.1 Oxidative dehydrogenation of ethane to ethylene 

Ethylene (C2H4) is commercially produced by an energy intensive process which 

involves the steam cracking of hydrocarbons (e.g. naphtha and ethane (C2H6)).
[1] The 

oxidative dehydrogenation (ODH) of ethane to ethylene (eqn. 6.1) is a much more energy 

efficient and cost effective process than traditional steam cracking technologies.  

C2H6 + O � C2H4 + H2O              (6.1) 

Before this ODH process can be considered as a viable alternative to steam cracking, 

catalysts producing high ethylene yields need to be developed. 

Recently the development of new catalysts for the ODH of ethane has been 

attracting increased attention from academic researchers. In some cases higher yields to 

ethylene than those obtained by the traditional steam cracking have been achieved.[2] 

However, the ODH process has not yet been adopted by the ethylene manufacturers and 

no commercial plants have been built using this approach, which is most likely because 

of the familiarity and trust in the traditional steam cracking process. Hence in order to 

apply catalytic ODH for ethylene production, the preparation and identification of 

improved catalysts is necessary. 

The majority of catalysts used for the ODH are metal oxide materials. The most 

successfully exploited complex oxide catalysts are vanadium phosphate (V-P-O) 

materials, which are used commercially for the selective oxidation of n-butane to maleic 
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anhydride.[3,4] The role of phosphorus in the n-butane oxidation process is crucial, as well 

as for the ODH of alkane. The addition of phosphorus into molybdenum oxide based 

catalysts shows an improved performance for the ODH of ethane to ethylene.[5] A similar 

positive effect was also observed in vanadium oxide based catalysts for the ODH of 

propane to propylene.[6] A number of metal phosphate catalysts have been studied by 

Matsuura and Kimura[7] for the ODH of propane to propylene. They reported that 

NbOPO4 was active and relatively selective towards propylene. Niobium phosphate is in 

fact a close relative of these two catalysts, namely niobium oxide (a solid acid)[8] and 

vanadium phosphate (an oxidation catalyst)[4]. Against this background, it is surprising 

that niobium phosphates have not been more widely investigated as catalysts, especially 

considering the importance of Nb and P for the ODH of ethane and propane. Furthermore, 

niobium phosphates have a range of properties and structures that are considered 

desirable for selective oxidation catalysts. In the present work we have addressed some of 

these deficiencies and have studied a series of niobium phosphate components. Their 

relative activities for the selective oxidative dehydrogenation of ethane to ethylene have 

been determined, and comparisons made with two standard niobium oxide phases. 

6.1.2 Selective oxidation of methanol to formaldehyde 

Formaldehyde (H2C=O), as the simplest aldehyde, is a colorless gas at room 

temperature with a pungent odor. It has a melting point of -92°C and a boiling point of -

21°C. Because of its high chemical reactivity, formaldehyde, as one of the most 

important chemical building blocks, and is used to produce numerous chemical products, 

such as thermosetting resins, oil-soluble resins and adhesives.[9]  
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A historical review by Chauvel et al.[10] noted that in 1859 Alexander M Butlerov 

first reported the preparation of formaldehyde. This was followed by then in August by 

W. Von Hoffman (1868), who the first time, produced formaldehyde by passing 

methanol vapor and air over a heated platinum spiral. Since the 19th century, 

formaldehyde has been produced commercially and its early uses included application as 

a disinfectant and an embalming agent.  

The first industrial catalysts for producing formaldehyde involved methanol 

dehydrogenation over a copper gauze. These were later replaced by silver catalysts, due 

to the higher yield achieved, and their greater resistance to poisoning.[11] In the 1950’s, 

the selective oxidation of methanol over a Fe-Mo oxide catalyst was designed as an 

alternative process.[10] Historically the silver process and the Fe-Mo oxide process each 

account for approximately 50% of the total production of formalin (i.e. an aqueous 

solution of formaldehyde).[9-11] However, recently the Fe-Mo oxide process has been 

preferred over the silver process.[10] The chemical reactions pertinent to each of these 

processes are shown below,[11] 

The Fe-Mo oxide process:  

2CH3OH + O � 2CH2O + 2H2O             (6.2) 

The silver process:  

2CH3OH + O � 2CH2O + 2H2O             (6.3) 

CH3OH � CH2O + H2              (6.4) 

Both chemical reactions (eqns. 6.3 and 6.4) are found to occur in the silver 

process to produce formaldehyde, whereas only methanol oxidation (eqn. 6.2) is found to 

happen in the Fe-Mo oxide process. In the silver process the reaction is carried out under 
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methanol rich conditions at atmospheric pressure and a reaction temperature between 560 

and 600 °C. Typically a conversion rate of 65-75% with a selectivity as high as 89% can 

be achieved. In the Fe-Mo oxide process, on the other hand, the reaction is carried out in 

an excess of air, and the reaction temperature is kept below 400 °C to ensure a high 

conversion rate and a thermally stable catalyst. The typical conversion rate can be as high 

as 99% with a selectivity as high as 95% for this latter method. The Fe-Mo oxide process 

has several advantages over the silver process,[12] namely (i) higher yield, (ii) higher 

resistance to poisoning, (iii) longer lifetime of catalyst and (iv) lower operating 

temperature. 

In this chapter, besides performing an evaluation of Nb-P-O’s catalytic 

performance for the ODH of ethane to ethylene, the same set of Nb-P-O catalysts will be 

studied for the selective oxidation of methanol to formaldehyde in order to extend its 

potential range of applications. In addition the activity of the Nb-P-O catalysts can be 

probed using methanol oxidation as a model reaction. Since the products formed can be 

easily related to the acidity/basicity and redox properties of the catalyst. In particular, the 

formation of formaldehyde has previously been related to the redox behavior, whereas 

the formation of dimethyl ether relates to the acid character.[13] By studying the methanol 

oxidation on Nb-P-O materials we should gain a better understanding of the catalytic 

nature of niobium phosphate materials.  
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6.2 Experimental 

6.2.1 Catalyst preparation  

The nomenclature adopted for identifying the niobium phosphate (NbP-series) 

catalysts produced in this study is summarized in Table 6.1. A Nb2P4O15 catalyst, 

designated as NbP-1, was prepared using a method similar to that described previously.[14] 

Niobium (V) chloride (10 mmol or 2.7017 g) was added to distilled water (50 mL) and 

phosphoric acid and left to stir for 30 minutes. Aqueous ammonia was then added until 

the pH reached 2.6 and remained constant. The precipitate was recovered by filtration 

and washed with distilled water. Hydroxylamine (6 mmol, 0.18 mL), water (10 mL) and 

phosphoric acid (8 mmol, 0.46 mL) were then added to the precipitate and the resulting 

suspension was kept at pH 3.88 for 30 minutes using aqueous ammonia. The resulting gel 

was placed in a Teflon-lined stainless steel autoclave and heated at 65 °C under 

autogeneous pressure for 48 hours. The resulting solid was filtered, washed and dried at 

110 °C for 15 hours and then calcined at 500 °C. 

Catalyst NbP-2 (NbOPO4) was prepared by refluxing niobium(V) chloride 

(Aldrich, 99.9%, 16.91 g dissolved in 50mL of distilled water) and ortho-phosphoric acid 

(Aldrich, 99.99%, 30mL in 120mL of distilled water) for 24 hours. Ortho-phosphoric 

acid was added with continuous stirring. The P:Nb ratio chosen was 8:1. The temperature 

of the mixture was then 130 °C and to induce reaction. The resulting solid was filtered 

and washed with distilled water and dried at 110°C for 16 h, before being ground with a 

pestle and mortar and calcined in air at 500 °C for 3 h.  
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Catalyst NbP-3 (nominally Nb1.91P2.82O12) was prepared from the niobium 

phosphate material (NbP-2) by reduction in hydrogen at 500 oC for 3 h. 

Catalyst NbO-1 (orthorhombic Nb2O5) was prepared from niobium(V) chloride 

(Aldrich, 99.9%, 16.91g) which was dissolved in distilled water with continuous stirring. 

Sodium carbonate (Aldrich, 99.99%, 53.00 g in 250 mL of distilled water, 2 M) was 

added drop-wise to the aqueous niobium chloride solution until a precipitate was formed. 

The resulting solid was then filtered and dried in an oven at 110°C for 16 h, before being 

calcined in static air at 500 °C for 3 h. 

Catalyst NbO-2 (monoclinic Nb2O5) was synthesized from a niobium(V) chloride 

(Aldrich, 99.9%, 16.91g in 50mL of distilled water, 0.25 M) which was heated to 80 °C 

with continuous stirring. Urea (30.03g in 250mL of distilled water, 2 M) was then added 

drop-wise and stirred for 3 hours. The resulting solid was filtered and dried in an oven at 

110 °C for 16 h, before being calcined at 500 °C for 3 h in static air. 

Table 6.1 Nomenclature of the niobium phosphate and niobium oxide materials studied.  

Unused catalysts Used catalysts for ethane 
oxidative dehydrogenation 

Used catalysts for 
methanol oxidation 

NbP-1 NbP-1E NbP-1M 
NbP-2 NbP-2E NbP-2M 
NbP-3 NbP-3E NbP-3M 
NbO-1 NbO-1E N.A. 
NbO-2 NbO-2E N.A. 

6.2.2 Catalyst testing 

The catalytic conditions for testing the activity for ethane oxidation over Nb-P-O 

catalysts have been described in sub-section 3.8.2. The condition for methanol oxidation 

reaction over Nb-P-O catalysts are described in sub-section 3.8.3.  
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6.2.3 Electron microscopy characterization 

Scanning electron microscopy (SEM), bright field transmission electron 

microscopy (BF-TEM), selected area electron diffraction (SAED) analyses and high 

resolution transmission electron microscopy (HR-TEM) were all performed on these 

materials.  Experimental details for these characterization methods have been described 

in Chapter 3, section 3.6. 

6.2.4 Complementary characterization techniques 

Surface area measurements, XRD and XPS experiments were performed as 

described in Chapter 3, sub-sections 3.9.1, 3.9.2 and 3.9.3, respectively. All crystalline 

phases were identified by matching the experimental patterns to those in the ICCD PDF 

database. 

6.3 Unused niobium phosphate materials 

The BET catalyst surface areas and crystalline phases identified by XRD are 

summarized in Table 6.2. The XRD pattern of the NbO-1 catalyst was confirmed to be 

characteristic of orthorhombic Nb2O5, whilst the NbO-2 sample presented the diffraction 

peaks expected from the monoclinic Nb2O5 phase. These standard niobium oxide phases 

(NbO-1 and NbO-2), prepared from precipitation using sodium carbonate and urea 

respectively, had surface areas of 7 m2/g and 8 m2/g, respectively.  

The different preparation methods employed for making catalysts containing both 

niobium and phosphorus, resulted in the formation of three different crystalline phases as 

determined from XRD analysis (Table 6.2). The NbP-1 catalyst was mainly comprised of 

a crystalline cubic Nb2P4O15 phase (ICCD: 00-035-0020), whilst NbP-2 was consistent 
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with tetragonal NbOPO4, a niobium oxyphosphate phase (ICCD: 04-009-1784). The BET 

surface areas of catalysts NbP-1 and NbP-2 were very similar at 7-8 m2g-1. The NbP-3 

catalyst was prepared from NbP-2 by a reduction treatment with hydrogen at 500 oC for 

3h. The crystalline phase of NbP-3 as determined by XRD analysis was characteristic of 

orthorhombic Nb1.91P2.82O12 (ICCD: 04-009-2580) with a trace of second as yet un-

identified phase which will be described later. The surface area of NbP-3 was slightly 

higher than that of the other phosphorus-containing catalysts at 12 m2g-1. Interestingly 

based only on the crystalline phases assigned from XRD, our results imply that the NbP-3 

material (Nb1.91P2.82O12) prepared from NbP-2 (NbOPO4) shows an increase of the P:Nb 

ratio to 1.48:1 from 1:1. However, it should be noted that this increase only takes into 

account crystalline phases identified in XRD and additional disordered material present 

might not be detected by the XRD technique. The crystallographic information for all 

three Nb-P-O phases observed is summarized in Table 6.3. 

Table 6.2 Physico-chemical properties of the catalysts in this study. (XRD and BET 
experiments performed by Dr. Matthew Davies at Cardiff University.) 

Unused catalystsa Crystalline phases by XRD BET surface area/m2g-1 
NbP-1 Cubic Nb2P4O15 8 

NbP-2 Tetragonal NbOPO4 7 

NbP-3 Orthorhombic Nb1.91P2.82O12 12 

NbO-1 Orthorhombic Nb2O5 11 

NbO-2 Monoclinic Nb2O5 9 
a NbP catalysts contain Nb, P and O; NbO catalysts contain only niobium and oxygen. 

 
Table 6.3 Crystallographic information of the Nb-P-O phases studied in this project. 

Nb-P-O phases Space group a,b,c (Å) αααα, ββββ, γ (γ (γ (γ (°)))) 
Cubic Nb2P4O15 

a Pa-3 (205) a=b=c=24.199 α=β=γ=90° 
Tetragonal NbOPO4 

b P4/nmm (129) a=b=6.4043, c=4.1217 α=β=γ=90° 
Orthorhombic Nb1.91P2.82O12 

c Pn*a (62A) A=8.7520, b=12.0900,  
C=8.6740 

α=β=γ=90° 

a: ICCD PDF# 00-035-0020, b: ICCD PDF# 04-009-1784 and c: ICCD PDF# 04-009-2580. 
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SEM micrographs of the unused NbP-1 catalyst are presented in Figure 6.1. The 

material exhibited a distinctive open pore morphology with micro-pore dimensions of 

and a wall thickness of 0.5 - 1 µm. 

SEM micrographs of the NbP-1 material showing (a) micro
and (b) wall thickness of 0.5 - 1 µm. 

SEM micrographs of the unused NbP-2 catalyst are shown in Figure 6.2. 

Macroscopic layered plate-like structures up to 100 µm in size (Fig. 6.2(

which were comprised of fused agglomerates of much smaller (100 

particles (Fig. 6.2(b)). Detailed TEM and electron diffraction studies confirmed 

particles were tetragonal NbOPO4 crystals exhibiting the [001] di

particle normal (Figs. 6.3(a)-(c)), which is in good agreement with the XRD data.

SEM micrographs of unused NbP-2 material showing (a) 
(b) fused agglomerates of much smaller particles. 

b 

b 

1 catalyst are presented in Figure 6.1. The 

pore dimensions of 10 

 
icro-porous structure 

2 catalyst are shown in Figure 6.2. 

m in size (Fig. 6.2(a)) were 

which were comprised of fused agglomerates of much smaller (100 - 200 nm) 

particles (Fig. 6.2(b)). Detailed TEM and electron diffraction studies confirmed that these 

crystals exhibiting the [001] direction as the 

)), which is in good agreement with the XRD data. 

 
(a) bulk layered 
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Figure 6.3 (a) BF-TEM micrograph of an isolated small particle in the unused NbP-2 
catalyst, (b) the corresponding SADP which matches to the [001] projection of tetragonal 
NbOPO4 and (c) simulated and indexed SADP from the [001] NbOPO4. 
 

SEM micrographs of the fresh NbP-3 catalyst are displayed in Figure 6.4. Two 

distinct morphologies were observed, namely stacks of highly regular oblong platelets 

(Fig. 6.4(a)) and more random agglomerates of irregularly shaped platelets (Fig. 6.4(b)).  

TEM and SAED analysis of the particles with the regular oblong morphology (Figs. 

6.5(a)(b)(f)) show them to be crystals which have fully transformed to the orthorhombic 

Nb1.91P2.82O12 phase. These Nb1.91P2.82O12 platelets exhibit a characteristic [100] platelet 
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of these two facets is around 90.4 

measured angle. The irregula

difficult to structurally assign. SADP’s obtained from 

overlap of several crystalline patterns (Fig. 6.5(e)). The diffraction patterns in Figure 

6.5(e) can be divided into at least seven overlapping single crystal patterns, each with a 

small rotation angle, which show similar spacing’s and angles to a typical SADP taken 

from the [001] projection of 

tetragonal NbOPO4 platelets

only partially transformed to the 

corroborated by the presence of characteristic 

which are indicative of the co

the incident beam direction within these platelets. 

Figure 6.4 SEM micrographs of 
morphologies: (a) stacks of regular 
agglomerates of irregular
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normal with (022) and (022− ) edge termination facets. The theoretical intersection angle 

of these two facets is around 90.4 °, which is consistent with the experimentally 

measured angle. The irregularly shaped platelets (Figs. 6.5(c)(d)) were much more 

difficult to structurally assign. SADP’s obtained from these irregular platelets 

overlap of several crystalline patterns (Fig. 6.5(e)). The diffraction patterns in Figure 

nto at least seven overlapping single crystal patterns, each with a 

small rotation angle, which show similar spacing’s and angles to a typical SADP taken 

from the [001] projection of NbOPO4. Our best interpretation is that these arise from 

platelets, the major phase of the NbP-2 starting material, which have 

only partially transformed to the Nb1.91P2.82O12 phase. This interpretation is also 

corroborated by the presence of characteristic 3.2 nm spacing moiré fringes

indicative of the co-existence of different overlapping crystal structures along 

the incident beam direction within these platelets.  

SEM micrographs of the unused NbP-3 material showing 
stacks of regular oblong platelets and (b) randomly packed

irregularly shaped platelets. 

b 

) edge termination facets. The theoretical intersection angle 

, which is consistent with the experimentally 

rly shaped platelets (Figs. 6.5(c)(d)) were much more 

platelets show an 

overlap of several crystalline patterns (Fig. 6.5(e)). The diffraction patterns in Figure 

nto at least seven overlapping single crystal patterns, each with a 

small rotation angle, which show similar spacing’s and angles to a typical SADP taken 

best interpretation is that these arise from 

2 starting material, which have 

This interpretation is also 

fringes (Fig. 6.5(d)), 

existence of different overlapping crystal structures along 

 
showing two distinct 

randomly packed 
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Figure 6.5 (a) BF-TEM micrograph of an oblong platelet from the unused NbP-3 
material and (b) its corresponding SADP which can be assigned to the [100] projection of 
orthorhombic Nb1.91P2.82O12; (c) BF-TEM micrograph of an irregularly shaped platelet; (d) 
the enlargement of a portion of the irregular platelet in (c) delineated by the square box 
showing moiré fringes; (e) complex overlapping SADP’s from the irregular platelet 
indicating that it may be a partially transformed tetragonal NbOPO4 crystal; (f) simulated 
and indexed SADP from the [001] projection of orthorhombic Nb1.91P2.82O12. 
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6.4 Niobium phosphate materials used for catalyzing the oxidative 

dehydrogenation (ODH) of ethane to ethylene 

The niobium oxide and niobium phosphate catalysts as described in Table 6.2 

were used for the oxidative dehydrogenation of ethane to ethylene. Ethylene, carbon 

monoxide and carbon dioxide are the only reaction products detected, and experimental 

carbon mass balances for all the catalysts tested were 100 ± 3 %. The ethane ODH 

performance of the Nb-P-O series of catalysts is significantly better than the niobium 

oxide catalysts (Fig. 6.6). In contrast to the modest ca. 15% ethylene selectivity at 5% 

conversion for the Nb-O catalysts, the Nb-P-O catalysts exhibit ethylene selectivities in 

the range of 78-95% at 5% conversion. Amongst all the Nb-P-O catalysts, the NbP-3 

catalyst is the most selective to ethylene, followed by NbP-2 and then NbP-1. The order 

of selectivity to ethylene at 5% ethane conversion for these Nb-P-O materials showed the 

following trend:-  

NbP-3E (95%) > NbP-2E (85%) > NbP-1E (78%) 

Extrapolation of the ethylene selectivities to zero conversion for samples NbP-1E 

and NbP-2E gives values of ca. 85% and 95%, respectively. These values suggest that 

although the selectivity to ethylene is high, carbon oxides are still being formed as 

primary products, albeit at low levels. The extrapolation to zero conversion for the NbP-3 

catalyst gives a very promising result, since a 100% ethylene selectivity is predicted, 

which implies that ethylene is the only primary reaction product. 
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Figure 6.6 Evolution of the selectivity to ethylene with the ethane conversion at 500ºC 
for NbP-series and NbO-series materials in this study (Reaction conditions: C2/O2/He = 
30/10/60, T=500 ºC, different contact times.)  
 

It is clear that the niobium-phosphorus oxide based materials are far superior 

catalysts when compared to the niobium oxides, hence we have concentrated our detailed 

structural characterization studies on the niobium phosphate catalysts. There was no 

change in the XRD pattern for the NbP-1 catalyst after use (NbP-1E) implying that the 

cubic Nb2P4O15 phase was retained. However some evidence of particle sintering and a 

reduction in the overall degree of porosity were noted as shown in Figure 6.7, which can 

be explained by the exposure to high temperature (500 ºC) during the catalytic reaction. 
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Figure 6.7 SEM micrographs of 
degree of porosity and (b) particle sintering.
 

Figure 6.8 shows representative BF

catalyst is comprised of three typical morphologies, namely smaller particles (Figs. 

6.8(a)(c)), angular crystalline

particles (Fig. 6.8(e)). This assignation is supported by the accompanying SAED ring 

patterns showing a combination of three different diffraction features. The smaller 

particles are the predominant morphology, which produce a SAED ring patter

with the cubic Nb2P4O

Characteristic higher order diffraction rings

Nb2P4O15 phase are clearly visible in the SAED ring pattern (#3, #4 and #5 respec

in Fig. 6.8(b)). The angular crystalline platelets (Fig. 6.8(d), ~5 vol. %) 

SADP’s consistent with the [100] projection of the 

The rings labelled #1 and #2 in Figure 6.8(b) correspond to (011) and (111)

this Nb1.91P2.82O12 phase. The 

other hand, were proven by SAED analysis to be amorphous in character as they showed 

only a typical diffuse scatter ring pattern.

a 

242 

SEM micrographs of the NbP-1E material showing (a) a reduction in overall 
degree of porosity and (b) particle sintering. 

Figure 6.8 shows representative BF-TEM images of the NbP-1E material. This 

catalyst is comprised of three typical morphologies, namely smaller particles (Figs. 

6.8(a)(c)), angular crystalline Nb1.91P2.82O12 platelets (Fig. 6.8(d)) and

particles (Fig. 6.8(e)). This assignation is supported by the accompanying SAED ring 

patterns showing a combination of three different diffraction features. The smaller 

particles are the predominant morphology, which produce a SAED ring patter

O15 structure, which was the main phase detected by XRD. 

Characteristic higher order diffraction rings- (521), (630) and (933) from the cubic 

phase are clearly visible in the SAED ring pattern (#3, #4 and #5 respec

in Fig. 6.8(b)). The angular crystalline platelets (Fig. 6.8(d), ~5 vol. %) 

SADP’s consistent with the [100] projection of the Nb1.91P2.82O12 phase (Fig. 6.8(d)).  

The rings labelled #1 and #2 in Figure 6.8(b) correspond to (011) and (111)

phase. The microporous particles (Figs. 6.8(e)(f), ~ 5 vol. %), on the 

other hand, were proven by SAED analysis to be amorphous in character as they showed 

only a typical diffuse scatter ring pattern. 

b 

 
showing (a) a reduction in overall 

1E material. This 

catalyst is comprised of three typical morphologies, namely smaller particles (Figs. 

platelets (Fig. 6.8(d)) and microporous 

particles (Fig. 6.8(e)). This assignation is supported by the accompanying SAED ring 

patterns showing a combination of three different diffraction features. The smaller 

particles are the predominant morphology, which produce a SAED ring pattern consistent 

structure, which was the main phase detected by XRD. 

(521), (630) and (933) from the cubic 

phase are clearly visible in the SAED ring pattern (#3, #4 and #5 respectively 

in Fig. 6.8(b)). The angular crystalline platelets (Fig. 6.8(d), ~5 vol. %) displayed 

phase (Fig. 6.8(d)).  

The rings labelled #1 and #2 in Figure 6.8(b) correspond to (011) and (111) planes of  

microporous particles (Figs. 6.8(e)(f), ~ 5 vol. %), on the 

other hand, were proven by SAED analysis to be amorphous in character as they showed 



 

Figure 6.8 BF-TEM micrographs
three different morphologies with
(d) angular orthorhombic Nb
Nb1.91P2.82O12); and (e) an amorphous microporous morphology; (b) is 
SAED ring pattern from the agglomerate in (a) which can be assigned to a combination 
of Nb1.91P2.82O12 (minor phase, rings 
remainder of the rings, ring #3 
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TEM micrographs of the NbP-1E catalyst showing (a) a combination of 
three different morphologies with (c) smaller particles of Nb2P4O15 (major morphology);

orthorhombic Nb1.91P2.82O12 platelets (inset, SADP corresponds to [100] 
); and (e) an amorphous microporous morphology; (b) is the 

SAED ring pattern from the agglomerate in (a) which can be assigned to a combination 
(minor phase, rings #1 and #2) and cubic Nb2P4O15 (major phase, the 

, ring #3 - (521), ring #4 - (630) and ring #5 

b 

d 

f 

#1 
#2 

#5 
#4 
#3 

 
a combination of 

(major morphology); 
platelets (inset, SADP corresponds to [100] 

the corresponding 
SAED ring pattern from the agglomerate in (a) which can be assigned to a combination 

(major phase, the 
(630) and ring #5 - (933)); (f) the 



 

corresponding SADP from the microporous materials in (e) showing 
morphology.  
 

Catalysts NbP-2E and NbP

five materials tested, and they are inter

directly from NbP-2 by a thermal reduction treatment in hydrogen.

the used NbP-2E sample is very similar to that of the NbP

macroscopic layered plate

comprised of fused agglomerates of much smaller (100 

Figure 6.9 SEM micrographs of 
oxidative dehydrogenation of ethane showing (a) layered plate
fused agglomerates of much smaller (100 
NbP-2E catalysts showing an agglomerate of random particles and (d) its corresponding 
SAED ring pattern corresponding to 

a 

c 
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corresponding SADP from the microporous materials in (e) showing 

2E and NbP-3E produced the highest yields of ethylene among the 

five materials tested, and they are inter-related by the fact that NbP

2 by a thermal reduction treatment in hydrogen. The morphology of 

2E sample is very similar to that of the NbP-2 fresh catalyst, showing 

macroscopic layered plate-like structures up to 100 µm in size (Fig. 6.9(a)), which are 

comprised of fused agglomerates of much smaller (100 - 200 nm) particles (Fig. 6.9(b)).

SEM micrographs of the NbP-2E material after use as a catalyst for the 
ative dehydrogenation of ethane showing (a) layered plate-like structures and (b) 

fused agglomerates of much smaller (100 - 200 nm) particles; (c) BF-TEM micrograph of 
2E catalysts showing an agglomerate of random particles and (d) its corresponding 

ED ring pattern corresponding to tetragonal NbOPO4. 

b 

d 

110

corresponding SADP from the microporous materials in (e) showing an amorphous 

3E produced the highest yields of ethylene among the 

related by the fact that NbP-3 was prepared 

The morphology of 

2 fresh catalyst, showing 

m in size (Fig. 6.9(a)), which are 

200 nm) particles (Fig. 6.9(b)).  

 
material after use as a catalyst for the 

like structures and (b) 
TEM micrograph of 

2E catalysts showing an agglomerate of random particles and (d) its corresponding 

110 200 220 
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More detailed TEM and SAED studies confirm that these small particles are 

tetragonal NbOPO4 crystals (Figs. 6.9(c)(d)) exhibiting characteristic (110), (200) and 

(220) rings in the SAED ring pattern, which is consistent with the XRD data. Obviously, 

the ethane oxidation reaction did not change the structure or alter the crystallography of 

the NbP-2 catalyst. 

SEM images of the NbP-3E catalyst are illustrated in Figure 6.10(a)(b). Two 

distinct morphologies were present, with the major one being the large oblong platelets as 

observed in the unused NbP-3 sample (Fig. 6.10(a)), which constitute a large proportion 

of the catalyst. The agglomerates of irregular platelets present in the unused NbP-3 

sample were no longer present in the NbP-3E catalyst after use. Instead they had 

transformed into agglomerates of much smaller (100 - 200 nm) particles (Fig. 6.10(b)). 

TEM and electron diffraction analysis of the oblong platelets (Figs. 6.10(c)(e)) confirm 

that they retain the Nb1.91P2.82O12 crystalline structure as identified in the unused NbP-3 

catalyst. It was also possible to determine the crystal structure of the smaller particles 

(Figs. 6.10(e)(f)) using high resolution transmission electron microscopy. HR-TEM 

micrographs obtained from individual particles exhibited sets of (002) and (020) lattice 

planes with an intersection angle of 90° which corresponds to the [100] projection of 

orthorhombic Nb1.91P2.82O12, and hence confirms that the small crystals have the same 

crystal structure as the larger oblong platelets. It is worth mentioning that all the niobium 

phosphate materials studied so far are not very stable under conventional levels of 

electron beam irradiation, and that they could form internal pores or even be amorphized 

within the span of a couple of seconds. Hence in all Nb-P-O TEM experiments described 



 

above were performed using low dose illumination conditions in order to minimize beam 

damage artifacts. 

Figure 6.10 SEM micrographs of Nb
stacked agglomerates of oblong platelet
and rounded particles; (
material and (d) its corresponding
Nb1.91P2.82O12; (e) BF-TEM and
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the [100] projection of orthorhombic Nb
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above were performed using low dose illumination conditions in order to minimize beam 

SEM micrographs of NbP-3E showing two different morphologies
stacked agglomerates of oblong platelets, and (b) agglomerates of much smaller irregular

(c) BF-TEM micrograph of an oblong platelet 
its corresponding SADP which matches well to the [100] 

TEM and (f) HR-TEM micrographs of the smaller
(002) and (020) lattice planes intersecting at 90°

of orthorhombic Nb1.91P2.82O12.  

d 

a 

b 

f 

above were performed using low dose illumination conditions in order to minimize beam 

 
different morphologies: (a) 

agglomerates of much smaller irregular 
TEM micrograph of an oblong platelet in the NbP-3E 

[100] projection of 
smaller particles. The 

° consistent with 
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6.5 Correlations of catalytic performance and microstructure of Nb-P-O 

catalysts for the ODH of ethane to ethylene 

As noted in Figure 6.6 the catalytic performance of all the NbP catalysts were 

significantly better than those of the niobium oxide catalysts, and hence all of the 

niobium phosphate phases identified in this study are potentially active for the ODH of 

ethane to ethylene. The best catalytic performance was exhibited by sample NbP-3, 

which implies that the Nb1.91P2.82O12 crystalline phase is the most effective bulk structure 

for ethane selective oxidation by a niobium phosphate catalyst. 

Niobium has been reported as an important component of some of the best ethane 

ODH catalysts, and it is often present with other essential components. In the present 

work it has been demonstrated that pure Nb2O5 can activate ethane and oxidize it to 

ethylene when relatively low space velocities and higher reaction temperatures were 

employed, but the selectivity to ethylene was relatively low. Ethane activation is not due 

to a homogeneous gas phase process as the conversion values determined from the blank 

experiments under the same conditions were negligible. Nb2O5 is not an oxide that is 

particularly reducible, since the reduction of Nb2O5 with hydrogen can only be initiated 

around 800 ºC.35 However, catalyst reducibility may be expected to be important for this 

reaction, as the ODH of ethane to ethylene proceeds mainly by a redox mechanism 

utilising lattice oxygen.[2,15] As in other studies, it has been observed that the addition of 

another component, in this case phosphorus, to the niobium oxide significantly enhances 

the catalyst performance. The explanation for the beneficial effect of phosphorous in this 

reaction is not straightforward. The addition of phosphorus modifies the catalyst structure, 

as clearly evidenced by our electron microscopy and XRD studies, but it also modifies 
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the acidic and redox characteristics of the niobium oxide. For example, niobium (V) 

oxides have an acid strength, H0 value of ≤ -5.6, whereas niobium phosphate has a higher 

acid strength (H0 up to -8.2).[16] The increased acidity of the phosphates could potentially 

have an important influence on catalytic performance. For example, the acidity of the 

support used to produce supported vanadium oxide catalysts is an important factor for the 

selective oxidation of ethane to ethylene. Indeed, increasing the acidity of the support has 

previously been found to be beneficial for ethylene formation.[15] It should be noted 

however that electron microscopy techniques are not able to identify the acidic and redox 

characteristics of the catalyst materials. In this study our best efforts have been made to 

explain the structure-performance relationships present in the Nb-P-O catalyst system for 

the oxidative dehydrogenation of ethane ethylene through variation in crystal structures 

and morphologies. Further investigations and comments concerning the acidic and redox 

characteristics of Nb-P-O materials will be described in the section 6.7. 

In order to investigate the surface composition of the catalysts, samples NbP-1, 

NbP-2 and NbP-3 were also analysed using XPS. Figure 6.11 shows the Nb(3d) spectra 

observed for these catalysts, both fresh and after use for ethane ODH. The O(1s) and 

P(2p) spectra did not show any significant differences and hence are not presented. 

Quantified data, namely the P/Nb and O/(P+Nb) surface atom ratios, are compared with 

the bulk values obtained from XRD/TEM analysis in Table 6.4. The Nb(3d) spectra are 

complex, and we see evidence for at least three different spectral components across the 

dataset. Moreover, and in contrast to the XRD and TEM results, the XPS spectra show 

changes after ethane ODH, especially for sample NbP-2. Interestingly, the Nb(3d) 

spectrum from used NbP-2E is almost identical to that from used NbP-1E, although the 
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spectra from the corresponding fresh materials (Fig. 6.11) are quite different.  If we 

consider the Nb(3d5/2) spectrum from fresh NbP-1, it is tempting to assign the two 

equally intense and overlapping components to Nb5+ and Nb4+ species, although the 

magnitude of the binding energies (208.6 eV and 207.5 eV respectively) are 

approximately 1 eV higher than expected for the corresponding species in simple Nb 

oxides.[17,18]This effect has also been observed in phosphorous containing SnxNbTiP3O12 

compounds[19] and ascribed to the presence of highly ionic Nbx+ species, although final 

state effects cannot be excluded. After use, the relative concentration of Nb5+ in the NbP-

1 catalyst increases somewhat. 

 
Figure 6.11 Nb(3d) X-ray photoelectron spectra for the catalysts NbP-1, NbP-2 and NbP-
3, both before and after use for ethane ODH.  
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Table 6.4 Surface atom P/Nb and O/(P+Nb) ratios derived from XPS measurements 
compared with the corresponding bulk ratios based on the phases identified by XRD and 
TEM.  

Catalyst Surface atom ratios Bulk elemental ratios 
 P/Nb O/(P+Nb) P/Nb O/(P+Nb) 

NbP-1 fresh 1.6 2.7 2.0 2.5 
NbP-1E used 1.7 2.8   
NbP-2 fresh 1.3 2.6 1.0 2.0 
NbP-2E used 1.6 2.8   
NbP-3 fresh 2.5 3.0 1.5 2.5 
NbP-3E used 1.5 3.0   

 

The surface P/Nb molar ratios for the fresh NbP-1 and NbP-2 catalysts agree 

reasonably well with the expected bulk stoichiometries (Table 6.3); after use for ethane 

ODH, the NbP-2E sample exhibits a small increase in P content. For the NbP-3 material, 

however, we observe a major enrichment in phosphorous on the surface of the fresh 

catalyst (prepared by hydrogen reduction of NbP-2), which decreases after use to a level 

more typical of the other two catalysts, NbP-1 and NbP-2, and in very good agreement 

with the bulk composition. The change in surface ratio is most likely related to the 

change of the catalyst structure and morphology during use. As discussed previously the 

fresh catalyst had two plate-like morphologies of partially transformed tetragonal 

NbOPO4 and a Nb1.91P2.82O12 phase. However, after use the NbOPO4 component was 

transformed completely to agglomerates of small particles of Nb1.91P2.82O12.  

Since we are unable to analyze the catalysts by XPS under reaction conditions, 

comparing the used materials might be expected to provide a better correlation with 

catalytic behavior. The most selective catalyst (NbP-3) exhibits only a single Nb(3d5/2) 

component, in contrast to the very similar Nb(3d) spectra for NbP-1 and NbP-2, where 

two clear Nb species are observed. 
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It is not possible to directly reconcile some of the features observed by XPS with 

structural data obtained from electron microscopy and XRD. This is not surprising since 

XPS is a highly surface sensitive technique, while electron microscopy and XRD are 

techniques probing bulk structure. The different surface states of Nb identified from XPS 

could be associated with the metal in different oxidation states. Niobium does not exist in 

both the 4+ and 5+ oxidation states in the bulk phosphate-phases, and hence there could 

be very thin regions confined to the surface layers of the catalysts that differ in structure 

from the bulk phases. This could be partially supported by the HR-TEM micrograph 

shown in Figure 6.10(f) in which a ~2 nm thick amorphous overlayer was observed on 

the surface of the used NbP-3E catalyst, which could possibly constitue the active surface 

layer. It should be noted however that some fraction of the amorphous overlayer could 

also be caused by electron beam damage artifacts, since the Nb-P-O materials are not 

stable under the electron beam. 

6.6 Niobium phosphate materials for catalyzing the selective oxidation of 

methanol to formaldehyde  

From sections 6.4 and 6.5 detailing the ethane ODH, it has been shown that 

niobium phosphate catalysts have a high selectivity to ethylene formation. In this section, 

attempts will be made to evaluate the catalytic performance of niobium phosphate 

catalysts in the selective oxidation of methanol to formaldehyde (eqn. 6.2) and compare it 

with that of the industrial iron molybdate catalyst. The aim of this work is to examine 

whether or not Nb-P-O materials can selectively generate formaldehyde while still 

maintaining a high conversion rate. In addition, comments on the acidic and redox 
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characteristics of the Nb-P-O materials can be made based on the results from the 

methanol oxidation experiments. 

All the Nb-P-O samples studied here are labeled as shown in Table 6.1. The 

catalytic testing shows that the catalyst denoted as NbP-1M has the highest activity of all 

the niobium phosphate catalysts tested, with 90% conversion at 300oC (Fig. 6.13(a), NbP-

1M) which rivals the performance of the industrial iron molybdate catalysts (Fig. 6.12). 

However due to its high activity, the selectivity to formaldehyde is only 26% at 300 oC 

(Fig. 6.13(b), NbP-1M). The only by-product produced during the reaction is CO2 with a 

high selectivity of 74% at 300oC. 

The NbP-2M catalyst shows an intermediate activity when compared with other 

niobium phosphate catalysts tested. At 500oC, a 72% conversion was reached (Fig. 

6.13(a), NbP-2M). Comparing NbP-2M with the industrial iron molybdate catalyst, at 

300oC where iron molybdate produces almost 100% methanol conversion (Fig. 6.12), 

NbP-2M has a much lower activity, with only 11% conversion (Fig. 6.13(a), NbP-2M). In 

terms of selectivity at 300oC, iron molybdate has a very high formaldehyde selectivity of 

95% (Fig. 6.12), while the NbP-2M catalyst produces a relatively lower formaldehyde 

selectivity of 75%, which is to be expected when the conversion level is so low (Fig. 

6.13(b), NbP-2M). Along with formaldehyde, dimethyl ether (DME), CO and CO2 are 

formed using the NbP-2M catalyst, with around 26% selectivity to DME at 300 oC (Fig. 

6.13(b), NbP-2M). 

The NbP-3M catalyst shows a similar activity when compared with NbP-2M, with 

70% conversion reached at 500oC (Fig. 6.13(a), NbP-3M). At 300oC, a 20% conversion 

level is reached with 75% selectivity to formaldehyde, which, in common with NbP-2M, 
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is a relatively low activity compared to the near 100% conversion shown by iron 

molybdate at this temperature (Fig. 6.12 and Fig. 6.13(a), NbP-3M). As well as 

formaldehyde, other oxidation products produced over NbP-3M during the reaction are, 

DME, CO, and CO2.  At higher temperatures, a substantial amount of DME is produced 

with ~40% selectivity 400 oC. At 400 oC, the order of the formaldehyde yield for the 

niobium phosphate catalysts is:  

NbP-2M > NbP-3M > NbP-1M. 

 

 
 

Figure 6.12 Methanol oxidation on an industrial iron molybdate catalyst showing 
methanol conversion and formaldehyde selectivity at different temperatures.  
 

Temperature (°C) 

(%
) 
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Figure 6.13 (a) Conversion of methanol over niobium phosphate catalysts prepared via 
three different methods, and (b) formaldehyde selectivity from methanol oxidation over 
niobium phosphate catalysts prepared using different methods. (Symbols: � NbP-1M; � 
NbP-2M; � NbP-3M.)  
 

In order to further understand the structure-performance relationships of Nb-P-O 

catalysts for the selective oxidation of methanol to formaldehyde, detailed structural 

characterization studies using a combination of techniques have been carried out on the 

Nb-P-O materials after use in the methanol oxidation. XRD analysis suggested that there 
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is no structural change in

implying that the cubic Nb

use are shown in Figure 6.14. Some evidence of particle sintering and a reduction in the 

overall degree of porosity were observed, which is similar to the morphology noted in 

Figure 6.1 for NbP-1E. The porous structure was retained after use, indic

cubic Nb2P4O15 phase is relatively robust during the chemical reaction. 

Figure 6.14 SEM micrographs of the NbP
structure and (b) sintered particles.
 

The NbP-2M material, which was the best catalyst among all three Nb

catalysts for methanol oxidation, shows a plate

thin angular platelets with thicknesses ranging 10 

2 µm as shown in Figure 6.15(a)(b). An SADP taken normal to one of the angular 

platelets confirms that it is the 

projection (Fig. 6.15(d)), which agrees with the XRD data. Bend contours and moiré 

fringes are also observed in the BF

they are composed of distorted and slightly misoriented stacks of thin angular NbOPO

platelets (Fig. 6.15(c)). In contrast to the NbP

and structure after the ethane oxidative dehydrogenation reaction, the fused agglomerates 
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in the NbP-1M catalyst compared with fresh NbP

implying that the cubic Nb2P4O15 phase is retained. SEM micrographs of NbP

use are shown in Figure 6.14. Some evidence of particle sintering and a reduction in the 

overall degree of porosity were observed, which is similar to the morphology noted in 

1E. The porous structure was retained after use, indic

phase is relatively robust during the chemical reaction.  

SEM micrographs of the NbP-1M material showing (a) 
structure and (b) sintered particles. 

2M material, which was the best catalyst among all three Nb

catalysts for methanol oxidation, shows a plate-like morphology composed of stacks of 

thin angular platelets with thicknesses ranging 10 - 20 nm and lateral dimensions of 0.2 

shown in Figure 6.15(a)(b). An SADP taken normal to one of the angular 

platelets confirms that it is the tetragonal NbOPO4 phase viewed along the [001] 

projection (Fig. 6.15(d)), which agrees with the XRD data. Bend contours and moiré 

erved in the BF-TEM micrograph, the latter of which indicates that 

they are composed of distorted and slightly misoriented stacks of thin angular NbOPO

platelets (Fig. 6.15(c)). In contrast to the NbP-2E sample which retained its morphology 

after the ethane oxidative dehydrogenation reaction, the fused agglomerates 
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1M catalyst compared with fresh NbP-1 material, 

SEM micrographs of NbP-1M after 

use are shown in Figure 6.14. Some evidence of particle sintering and a reduction in the 

overall degree of porosity were observed, which is similar to the morphology noted in 

1E. The porous structure was retained after use, indicating that the 

 
1M material showing (a) micro-porous 
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20 nm and lateral dimensions of 0.2 - 

shown in Figure 6.15(a)(b). An SADP taken normal to one of the angular 

phase viewed along the [001] 

projection (Fig. 6.15(d)), which agrees with the XRD data. Bend contours and moiré 

TEM micrograph, the latter of which indicates that 

they are composed of distorted and slightly misoriented stacks of thin angular NbOPO4 

2E sample which retained its morphology 

after the ethane oxidative dehydrogenation reaction, the fused agglomerates 



 

found in unused NbP-2 material had apparently transformed into larger angular platelets 

in the NbP-2M catalyst after methanol oxidation. These angular

NbP-2M are not as beam sensitive as the other Nb

gave us the opportunity to apply more advanced electron microscopy techniques (

HR-TEM and HAADF-STEM) on them using our state

JEOL 2200FS (S)TEM.  

Figure 6.15 (a, b) SEM micrographs of the NbP
angular platelets (b) with a platelet thickness of 10 
the NbP-2M material showing angular platelets with moiré fringes and bend contours and 
(d) the corresponding SADP taken from the platelet normal which matches to the [001] 
projection of tetragonal NbOPO
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2 material had apparently transformed into larger angular platelets 

catalyst after methanol oxidation. These angular NbOPO

e not as beam sensitive as the other Nb-P-O materials described so far which 

gave us the opportunity to apply more advanced electron microscopy techniques (

STEM) on them using our state-of-the-art aberration corrected 

 

(a, b) SEM micrographs of the NbP-2M materials showing (a) stacks of 
angular platelets (b) with a platelet thickness of 10 - 20 nm; (c) BF-TEM micrograph of 

2M material showing angular platelets with moiré fringes and bend contours and 
responding SADP taken from the platelet normal which matches to the [001] 

tetragonal NbOPO4. 
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2M materials showing (a) stacks of 

TEM micrograph of 
2M material showing angular platelets with moiré fringes and bend contours and 

responding SADP taken from the platelet normal which matches to the [001] 
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Figure 6.16 (a) and (b) respectively shows HR-TEM and HAADF-STEM 

micrographs of a typical angular platelet in NbP-2M. Both the (110) and (200) planes 

with spacings of 4.53 Å and 3.20 Å and an interplanar angle of 90° can be resolved. This 

is consistent with the tetragonal NbOPO4 phase identified from XRD and SAED analysis. 

The termination facets of the platelet are the {100}-type planes as observed in both HR-

TEM and HAADF-STEM micrographs (Fig. 6.16(a)(b)). There is an amorphous 

overlayer observed on the edge (Fig. 6.16(b)) which could be attributable to the possible 

active surface layer and/or the beam damage artefacts. The higher magnification [001] 

projection of the platelet using the HAADF-STEM technique (Fig. 6.16(c)) shows an 

alternating bright/faint intensity of neighboring atomic columns. The brighter atomic 

columns have a nearest lateral spacing of ~ 4.53 Å. When compared with the model 

tetragonal NbOPO4 structure along the [001] direction (Fig. 6.16(c), top right), it is clear 

that these brighter atomic columns should correspond to the Nb (Z = 41) columns, while 

the fainter atomic columns may correspond to P (Z = 14) columns. In this image, the 

intensity of O atoms are below the detection limit. In order to justify this interpretation, a 

detailed analysis of the HAADF-STEM micrograph (Fig. 6.16(c)(d1)(d2)) has been 

performed. If a line intensity profile is drawn along the 1-1’ direction, a weak intensity 

bump is observed midways between the two intense Nb peaks. When another line profile 

is drawn along the 2-2’ direction, such a weak intensity feature is absent. This implies 

that some lighter elements are detected between two Nb columns along the 1-1’ direction 

using HAADF imaging. Considering the spacing between the smaller peaks (~ 4.53 Å) 

and the spacing between the weak peak and its closest Nb column (~ 3.20 Å), and 

comparing the image with the inset crystal model in Figure 6.16(c), we can further 
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conclude that P (Z = 14) atomic columns in the NbOPO4 [001] projection are detectable 

using HAADF-STEM. Since only one weak peak is observed between two intense Nb 

peaks, this indicates that O columns are not really detectable in this experiment. In order 

to confirm this argument, an [001] NbOPO4 HAADF-STEM image simulation has been 

carried out using the xHREM simulation suite (v3.5, HREM research inc.) as shown in 

Figure 6.17. According to the experimental conditions employed, the key input 

parameters of the HAADF-STEM simulation are as follows:- 

Accelerating voltage: 200 kV, 

Condenser lens aperture radius: 25 mrad, 

Third order Cs: 0.001 mm, 

Defocus: 0 Å, 

Fifth order Cs: 3.2 mm, 

Dark field detector inner radius: 110 mrad, 

Dark field detector outer radius: 300 mrad. 

A pair of two NbOPO4 models was loaded for simulation using the identical 

parameters as noted above: (i) the [001] projection of NbOPO4 and (ii) the [001] 

projection of NbOPO4 only without P atoms included in the structure. Figure 6.17(a) is 

the simulated HAADF-STEM images of the [001] projection of NbOPO4 which is in 

good agreement with the experimental image showing periodic brighter atomic columns 

(Nb) and weaker intervening P atomic columns. If a line intensity profile is drawn along 

the 3-3’ direction, the simulated image intensity profile also matches reasonably well 

with the experimental intensity profile along the 1-1’ direction in Figure 6.16(c). The 

intensity ratio between Nb atomic column and P atomic columns in the simulated image 
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(Nb/P ≈ 8.23) is not far from the ratio obtained from the experimental image (Nb/P ≈ 

12.0). It is well known that the intensity ratio in HAADF-STEM images is dependent 

upon many parameters, such as the sample thickness and defocus values, which could 

cause the small difference in the Nb/P intensity ratio from that predicted by image 

simulations.[20,21] In addition, the P atoms in the Nb-P-O could be sublimated during 

exposure to the electron beam, which may result in a higher Nb/P ratio in the 

experimental image.[22] Hence the simulated Nb/P intensity ratio (Fig. 6.17(b)) shows a 

reasonable agreement with the experimental Nb/P intensity ratio taken from Figure 

6.16(d1). In order to rule out the possibility that the electron probe tail might give rise to 

these intensity artifacts which may look like P atomic columns in the structure (Fig. 

6.16(a)), in Figure 6.17(c) a HAADF-STEM image of NbOPO4 structure only without the 

P atoms was simulated using the same parameters as these used for generating Fig. 

6.16(a). It shows only the brighter atomic columns (Fig. 6.17(c)), which correspond to the 

Nb columns. When a line intensity profile is drawn along the 4-4’ direction, the small 

intensity peaks noted in Figure 6.16(b) disappear, which confirms that these weak peaks 

observed in the experimental HAADF image are not an imaging artifact of the probe 

shape but a real structural feature. By combining the above experimental images and 

simulated results we can confidently conclude that P atomic columns can be detected in 

the [001] projection of NbOPO4 which represents the first report of imaging P atomic 

columns in Nb-P-O materials. 
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Figure 6.16 (a) HR-TEM and (b) HAADF-STEM (low pass filtered) micrographs of 
NbP-2M showing (110) and (200) planes in the [001] projection of tetragonal NbOPO4; 
(c) a higher magnification HAADF-STEM image showing periodic brighter Nb atomic 
columns and fainter P atomic columns (top right, yellow spheres respresent Nb atoms, 
red spheres represent P atoms and grey spheres represent O atoms); (d1, d2) the line 
intensity profiles taken along 1-1’ and 2-2’ (The measured peak intensity ratio 
determined by ImageJ between Nb and P along 1-1’ direction is ~ 12).  
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Figure 6.17 Simulated HAADF-STEM images of (a) the [001] projection of tetragonal 
NbOPO4 (10 unit cells in c axis, 0 nm defocus, 200 kV) and (c) the [001] projection of 
tetragonal NbOPO4 without P atoms included (10 unit cells in c axis, 0 nm defocus, 200 
kV); Line intensity profile taken from (b) 3-3’ showing Nb/ P intensity ratio at 255/ 31 ≈ 
8.23 and (d) 4-4’ showing no weak intensity bumps between the two intense Nb peaks 
(Line intensity profile was obtained using ImageJ (v1.44p) software).  
 

In direct contrast to the NbP-2M material, the hydrogen reduced NbP-3M sample 

exhibited two distinct morphologies after methanol oxidation (Fig. 6.18(a)(b)). This is a 

similar result to which was found for the NbP-3E catalyst in the ODH of ethane to 

ethylene. The major morphology observed in the NbP-3 sample is composed of large 

oblong platelets (Fig. 6.18(a)), which has a lateral dimension of 5-10 µm. The 

agglomerates of irregular platelets present in the NbP-3 sample are no longer present in 

the catalyst after the reaction. Instead they have transformed into agglomerates of much 

smaller (100 - 200 nm) particles (Fig. 6.18(b)).  
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Figure 6.18 SEM micrographs of 
stacked agglomerates of oblong platelet
particles; (c) BF-TEM micrograph of 
material and (d) its corresponding
Nb1.91P2.82O12; (e) BF-TEM 
corresponding SAED ring pattern
Nb1.91P2.82O12 with typical 
 

c 

a 

e 

262 

 

SEM micrographs of NbP-3M showing two different morphologies
stacked agglomerates of oblong platelets, and (b) agglomerates of much smaller irregular

TEM micrograph of a fragment of an oblong platelet
its corresponding SADP which matches well to the [100] 

TEM micrograph of an agglomerate of smaller particles
corresponding SAED ring pattern of the agglomerate in (e) which can also be assigned to

typical (002)/(020), (022) and (004)/(040) planes labeled. 
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BF imaging and electron diffraction analysis of the oblong platelets (Figs. 

6.18(c)(d)) confirmed that they retained the Nb1.91P2.82O12 crystalline structure as found in 

the unused NbP-3 material. It was also possible to determine the crystal structure of the 

smaller particles (Figs. 6.18(e)(f)) using the SAED technique. A polycrystalline ring 

pattern can be formed by selecting a large number of particles using a larger SAED 

aperture. Since the orthorhombic Nb1.91P2.82O12 phase has similar lattice parameters in the 

[100] projection with b = 8.6848 Å and c = 8.7452 Å, in the SAED ring pattern both (002) 

and (020) rings tend to appear as one single ring. As shown in Figure 6.17(f), SAED ring 

patterns obtained from an agglomerate of smaller particles exhibits typical (002)/(020), 

(022) and (004)/(040) planes of orthorhombic Nb1.91P2.82O12 phase, which indicates that 

the smaller crystals have the same structure as the larger oblong platelets.  

6.7 Correlations of structure and catalytic performance for the Nb-P-O catalysts 

We have demonstrated that all of the niobium phosphate phases are potentially 

active for the selective oxidation of methanol to formaldehyde. The best catalytic 

performance at 400 °C was exhibited by sample NbP-2M, followed by NbP-3M and then 

NbP-1M. This sequence of catalytic performance is different from the trend observed in 

the ODH of ethane to ethylene, in which the Nb1.91P2.82O12 crystalline phase is the most 

effective catalyst. In the present case, the NbOPO4 phase appears to be a more desirable 

structure for the selective oxidation of methanol to formaldehyde.  

The catalytic activity of Nb-P-O catalysts can be understood using the selective 

oxidation of methanol as a model reaction. The reaction products from methanol 

oxidation are related to the acidity/basicity and redox properties of the catalyst. In 
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particular, the formation of formaldehyde can be related to redox behavior, whereas the 

formation of dimethyl ether (DME) can be related to acid character.40 Data for the 

oxidation of methanol over the three niobium phosphate catalysts at 50% conversion rate 

are shown in Table 6.5. The distribution of products obtained at iso-methanol conversion 

was different for the NbP-1, NbP-2 and NbP-3 catalysts. The NbP-1 catalyst is found to 

have an intermediate selectivity towards formaldehyde (68%) with no selectivity for 

dimethyl ether (0%). These results indicate that the NbP-1 catalyst activity was 

dominated by redox sites on the catalyst. The NbP-2 catalyst shows a high formaldehyde 

selectivity (75%) with some selectivity towards dimethyl ether (25%), which indicates 

that the NbP-2 has strong redox characteristics, with some acid character. In contrast, the 

NbP-3 catalyst exhibits the lowest formaldehyde selectivity (52%) with the highest 

dimethyl ether selectivity (38%), which not only implies that NbP-3 has appreciable 

redox behavior, but that it also has a greater degree of acid character.  

In consideration of the catalyst testing results in the ODH of ethane to ethylene, 

the NbP-1 catalyst is found to have the lowest selectivity for ethylene (78%). The NbP-2 

catalyst shows an intermediate ethylene selectivity at 85%. The NbP-3 catalyst, as the 

most selective ethane oxidation catalyst, exhibits a high ethylene selectivity at 95%. The 

above results indicate that the catalyst efficiency for both the ODH of ethane and the 

methanol oxidation are determined by a combined balancing effect of catalyst redox 

behavior and acid character. The NbP-1 material, which only has limited redox ability, is 

an inefficient catalyst for both chemical reactions. As found in many selective oxidation 

reactions, the redox ability is important for ethane oxidation,[1,15] and the increased 

catalyst acidity is important for achieving the ethylene selectivity.[15] Therefore the NbP-3 
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catalyst has both of these properties to a certain extent, which gives rise to the high 

ethylene selectivity and the promising catalytic performance observed. In contrast the 

NbP-1 has a negligible acid character, which imparts on it the lowest ethylene selectivity. 

The oxidation of methanol, on the other hand, mainly depends on the redox 

characteristics of the catalyst.[23] The NbP-2 material with its greater redox ability can 

give rise to a high selectivity to formaldehyde.   

Table 6.5 Product distribution at iso-conversion for methanol oxidation over the series of 
niobium phosphate catalysts.  
 

Catalyst Conversion/% 
Selectivity/% 

H2CO CH3OCH3 CO CO2 
NbP-1 50 68 0 0 32 
NbP-2 50 75 25 0 0 
NbP-3 50 52 38 5 5 

 

Electron microscopy was able to reveal the morphological and structural 

transformations of these three Nb-P-O catalysts in both the ethane ODH at 500°C and the 

methanol oxidation at 400 °C. In the ODH reaction, the porous NbP-1 catalyst (cubic 

Nb2P4O15) transformed into the porous NbP-1catalyst (still cubic Nb2P4O15) with a more 

sintered morphology. The layer-type NbP-2 composed of small particles (tetragonal 

NbOPO4) maintained its morphology and structure after reaction, generating a layer-type 

NbP-2E containing small particles in each layer (still tetragonal NbOPO4). After 

reduction in H2 at 500 °C, the layer-type NbP-2 (tetragonal NbOPO4) was reduced to a 

mixture of two materials in NbP-3, namely (i) oblong Nb1.91P2.82O12 platelets and (ii) 

“partially transformed” irregularly shaped NbOPO4 platelets. After the ODH reaction, 

this mixture of Nb-P-O materials were transformed into the same orthorhombic 

Nb1.91P2.82O12 phase with two different morphologies (NbP-3E), i.e. (i) oblong 
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Figure 6.19 Schematic diagram of the morphological and structural changes observed in 
NbP-1, NbP-2 and NbP-3 catalysts before and after the reaction. 
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platelets and (ii) agglomerates of smaller irregular Nb1.91P
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Figure 6.19 shows a schematic diagram concisely summarizing the morphological 

and structural changes observed in NbP-1, NbP-2 and NbP-3 catalysts before and after 

the reaction (i.e. the ethane ODH and the methanol oxidation, respectively). 

6.8 Conclusions and suggestions for future work  

In this chapter, we have shown that all three of the niobium phosphate phases 

generated are potentially good candidates for both the ODH of ethane to ethylene and the 

selective oxidation of methanol to formaldehyde. Sample NbP-3E was found to have the 

best catalytic performance for the ODH of ethane to ethylene, which indicates that the 

Nb1.91P2.82O12 phase is the most effective bulk structure for this reaction amongst the 

niobium phosphate catalysts studied. On the other hand, sample NbP-2M was found to 

exhibit the best catalytic performance for the selective oxidation of methanol to 

formaldehyde, followed by NbP-3M and NbP-1M, which means that the NbOPO4 phase 

is a more efficient structure for methanol oxidation. This difference in catalytic 

performance for either the ODH or the methanol oxidation can be explained by a stronger 

acidity exhibited by the NbP-3E catalyst (good for the ODH) and a higher redox ability 

inherent to the NbP-2M material (good for methanol oxidation). In addition, the 

morphological and structural modifications occurring during the preparation and the 

catalytic reactions have been investigated using electron microscopy, which were 

correlated with their catalytic performance.  

It should be noted that the Nb-P-O catalysts described in this chapter were studied 

before and after catalytic reactions. To truly understand a complex oxide catalyst of this 

type, it is important to study (i) the phase transformations that occur during activation 



268 

 

under reaction conditions and (ii) to determine the active phase. Prior studies on related 

V-P-O materials show that the precursor material (VOHPO4·0.5H2O) takes many tens of 

hours under reaction conditions to topotactically transform into the active phase 

{(VO)2P2O7} via transitional structures (e.g., δ-VOPO4 & some disordered phases) under 

reaction conditions. Similarly the Nb-P-O catalyst might be expected to experience a 

comparable set of phase transformations and surface structure reconstructions during 

activation under reaction conditions.[24] In-situ XRD analysis would be very useful for 

determining the catalyst structure and polymorphs as a function of reaction time-on-line. 

However, such analysis is usually complicated by the co-existence of several crystalline 

polymorphs and possible amorphous phases. Electron diffraction patterns taken from 

individual micron-size crystallites in the TEM, however, can produce additional more 

spatially resolved crystallographic information. TEM could also be a valuable tool for 

clarifying some of the phase transformations that occur during Nb-P-O catalyst activation 

(especially for the NbP-2 catalyst) by examining a sequence of samples activated for 

different times-on-stream (e.g., 0.1h, 8h, 24h and 40h). 

It is also worth mentioning that the TEM analysis performed in this study is 

conventional TEM, or so-called ex-situ TEM. In the sample transfer step from the reactor 

to the microscope, the material would be exposed to air, which may introduce hydration 

or oxidation effects to the specimen. Furthermore oxide samples when electron irradiated 

in the TEM column, can undergo local heating in vacuum and knock-on damage which 

may induce reduction effects on these complex oxides. These hydration, oxidation and 

reduction effects may substantially change the material’s microstructure, especially in the 

particle near-surface regions. An alternative TEM method that could be employed to 
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study such transformations would be anaerobic-transfer TEM [25,26]. First the Nb-P-O 

materials are placed on the grid on a specially designed holder (e.g. an HHST4004 

environmental cell single tilt heating holder supplied by Gatan, Inc.). After being heated 

in a benchtop reactor under realistic reaction conditions (e.g. temperature and reaction 

gases) for a couple of hours, the grid with the partially activated Nb-P-O material is 

retracted into the protective cell, filled with an inert gas to avoid exposure of the 

materials to air and then retaining the Nb-P-O surface structure. Then the Nb-P-O 

catalysts can be transferred under anaerobic conditions into a conventional TEM for 

subsequent analysis. In addition the TEM instruments employed in this project are 

operating at 200 kV, which cause electron beam induced damage to the Nb-P-O materials. 

Since the JEOL JEM-ARM200F (which can operate in the 60 - 200 kV range) will be 

available at Lehigh University starting 2012, it is worth investigating these beam 

sensitive Nb-P-O materials at a lower voltage condition (e.g. 60 kV) in order to minimize 

beam damage effects. 

Ideally we would like to utilize an in-situ environmental TEM to study these Nb-

P-O catalysts ‘real-time’ under realistic reaction conditions [27]. An S/TEM fitted with an 

environmental cell (ECELL) system could in principle be used to perform real-time 

observations of bulk phase transformations and surface structure modifications of Nb-P-

O materials under reaction conditions. However it should also be noted that in the 

ECELL, electrons may interact with reaction gas to produce a plasma, which is not an 

entirely realistic reaction atmosphere. Another point to consider is that a gas pressure of a 

few torr is required in the ECELL, which can cause incident electrons to be scattered by 

reactant gas molecules, effectively reducing the imaging resolution of the microscope.  
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It is known that most catalytic reactions occur at specific active sites on the 

catalyst surface. In order to understand the Nb-P-O catalyst behavior, it is important to 

thoroughly explore its surface structure and composition. A variety of additional 

techniques can be utilized to explore catalyst surface structure changes in the reaction.  

An in-situ spectroscopy system can distinguish between different Nb-P-O phases 

on the surface by identifying different Nb=O bond vibrations in Raman spectra.[28] Active 

sites, reaction kinetics and reaction mechanism can also in principle be investigated [29]. A 

possible strategy for determining the reaction mechanism is as follows: by using transient 

isotopic 16O2-
18O2 switching experiments, the role of gaseous O2 and lattice oxygen 

during the ODH of ethane to ethylene can be determined, which could correspond to 

Mars-van-Krevelen mechanism only if the lattice oxygen is incorporated into the 

products. 

In-situ XPS would be another useful technique for investigating the surface 

composition under reaction conditions. By using three differential pumping stages, it is 

plausible to achieve a mbar pressure range in the sample cell while still being able to 

obtain XPS spectra with good signal-to-noise ratio. More details about the in-situ XPS 

system can be found in reference [30]. In V-P-O, the surface P/V ratio and V4+/V5+ ratio 

are often considered as important factors to control for tuning the catalytic performance 

[31]. Extending this finding to Nb-P-O catalysts, the P/Nb ratio on the surface will be 

monitored, as well as the various oxidation states of Nb. By comparing these two ratio 

parameters in active catalysts to those in inactive catalysts, optimum values may be found, 

which could help in the design of even more active catalysts.  
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Chapter 7 Nanostructural and chemical characterization of iron 

molybdate (Fe-Mo-O) nanorod catalysts by Analytical Electron 

Microscopy 

7.1 Introduction 

In 1931 iron molybdate (Fe-Mo-O) was reported to be active and selective for the 

oxidation of methanol to formaldehyde,[1] and began to be employed as the preferred 

industrial catalyst for methanol oxidation in 1950’s. The commercial Fe-Mo-O catalyst 

consists of two crystalline phases, namely Fe2(MoO4)3 and MoO3.
[2,3] It has been 

suggested that the catalyst must contain both Fe2(MoO4)3 and excess MoO3 in order to 

maintain good catalytic activity, selectivity and achieve a long lifetime.[3] A more 

detailed literature review of the Fe-Mo-O catalysts for the oxidation of methanol to 

formaldehyde has been presented in Chapter 1, section 1.4. 

In this work, a novel hydrothermal synthesis and impregnation technique were 

used to prepare iron molybdate nanorod catalysts that were subsequently assessed for the 

oxidation of methanol to formaldehyde. A wide variety of techniques including BET, 

XRD, Raman spectroscopy, SEM and TEM have been used to characterize the physical 

structure and chemical composition of the synthesized materials. The effects of varying 

the Mo/Fe atomic ratio and the calcination time on the structure, composition and 

catalytic performance of these Fe-Mo-O nanorod catalysts have been systemically 

investigated.  
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7.2 Experimental 

7.2.1 Catalyst preparation and testing 

Preparation of MoO3 nanorods 

MoO3 nanorods were synthesized as reported in literature.[4] In a typical 

preparation procedure, 7.2 g of MoO3 powder (Sigma Aldrich) and 55 ml of 30% H2O2 

(Sigma Aldrich)  aqueous solution were added into a 100 ml beaker and reacted under 

stirring at 30 oC to form the transparent orange-green peroxomolybdic acid solution. 

Then the solution was diluted with 2 mol/L nitric acid solution to keep its pH value 

between 0 and 1. The diluted peroxomolybdic acid solution was then transferred into a 

Teflon-lined stainless steel autoclave until it was 60-80% full. The autoclave was then 

sealed and maintained at 170-180oC for 40 - 50 h in an electric oven. After cooling down 

to room temperature in ambient surroundings, the MoO3 nanorods were collected and 

then filtered, washed and dried.  

Preparation of Fe2(MoO4)3/MoO3 nanorod catalysts 

The Fe2(MoO4)3/MoO3 materials were produced by impregnating an aqueous 

solution of iron nitrate onto the MoO3 nanorods and then carrying out an appropriate 

heating process. The detailed preparation procedure is described as follows:- An 

appropriate amount of Fe(NO3)3·9H2O aqueous solution was used according to the 

expected atomic ratio of Mo/Fe (6:1 to 1.6:1) in the final Fe2(MoO4)3/MoO3 catalyst. This 

was used to impregnate the desired amount of MoO3 nanorod powder. The mixture 

obtained was kept at ambient temperature for 2h, and then dried at 60 oC under vacuum 

conditions overnight. Finally the material was calcined in air at the desired temperature 
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(e.g. between 400 oC and 500 oC) for a range of time periods. Two systematic sets of Fe-

Mo-O catalysts were prepared, namely (i) an atomic ratio series and (ii) a calcination 

time series as summarized in Table 7.1. 

Table 7.1 Fe-Mo-O samples produced in this project. 
 

Atomic ratio seriesa Calcination time seriesb 
Sample Mo:Fe atomic  ratio Sample Calcination time 

FeMoO-ar1 6:1 FeMoO-ct1 3h 
FeMoO-ar2 3.6:1 FeMoO-ct2 6h 
FeMoO-ar3 2.2:1 FeMoO-ct3 12h 
FeMoO-ar4 1.6:1 FeMoO-ct4 18h 

 FeMoO-ct5 48h 
a: Preparation conditions: calcination temperature = 500 oC, calcination time = 2h. 
b: Preparation conditions: Mo:Fe atomic  ratios = 2.2:1, calcination temperature = 400 oC. 
 
Catalyst testing 

The methanol oxidation experiments were carried out in a fixed-bed quartz tube 

reactor under atmospheric pressure as described in detail in sub-section 3.8.4. 

7.2.2 Electron microscopy characterization 

Scanning electron microscopy (SEM), bright field transmission electron 

microscopy (BF-TEM), selected area electron diffraction (SAED), high resolution 

transmission electron microscopy (HR-TEM), energy filtered transmission electron 

microscopy (EFTEM) and X-ray Energy-dispersive spectroscopy (XEDS) experiments 

were performed in this particular study. Experimental details for these characterization 

methods have been described in Chapter 3, section 3.6. 

7.2.3 Complementary characterization techniques 

Surface area measurements, XRD and Raman spectroscopy experiments were 

performed as described in Chapter 3, sub-sections 3.9.1, 3.9.2 and 3.9.4, respectively. 
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Crystalline phases were identified by matching the experimental patterns to the ICCD 

PDF database. 

7.3 Results 

7.3.1 Structural characterization of the bare MoO3 nanorod support material 

As shown in Figure 7.1, the as-synthesized uniform MoO3 nanorods preferentially 

grow along the [010] direction (Fig. 7.1(c)(d)). The typical dimensions of these 

rectangular nanorods are 50 - 100 nm in thickness, 100 - 200 nm in width, and 8 - 10 µm 

in length (Figs. 7.1(a)(b)). SADP’s taken from the nanorod are found to be the [100] 

projection of α-MoO3 having the {001}-type termination facets and an [010] preferred 

growth direction. An XRD pattern from an as-synthesized MoO3 nanorod sample is 

presented in Figure 7.1(e), which can be indexed to α-MoO3 (PDF# 04-008-4311), in 

good agreement with the electron microscopy analysis. The intensities of the (200), (400) 

and (600) reflections are much stronger than those of the (110) and (021) peaks for MoO3 

nanorods, consistent with them having a strongly preferred [010] growth direction and 

{001}-type termination facets. The BET surface area of these as-synthesized MoO3 

nanorods was found to be 12.6 m2/g.  
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Figure 7.1 SEM micrographs of MoO3 nanorods showing (a) a typical length of 8-10 µm 
and (b) a rectangular shape in cross section with a thickness of 50 - 100 nm and a width 
of 100 - 200 nm; (c) BF-TEM micrograph and (d) SADP of a nanorod with an [010] 
growth direction and {001}-type termination facets. The SADP corresponds to the [100] 
projection of MoO3 (PDF# 04-008-4311); (e) the simulated and indexed SADP of the 
[100] projection of MoO3 (PDF# 04-008-4311) and (f) An XRD pattern of the as-
synthesized MoO3 nanorods showing typical reflections of the α-MoO3 phase (PDF# 04-
008-4311).  
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7.3.2 Effect of changing Mo/Fe atomic ratio on the physical structure, chemical 

composition and catalytic performance of Fe-Mo-O catalysts 

The catalytic performance of the systematic set of Fe-Mo-O nanorod materials 

with different Mo/Fe atomic ratios, as well as the pure MoO3 nanorod material, for the 

oxidation methanol to formaldehyde are shown in Figure 7.2. The bare MoO3 nanorod 

catalyst exhibits a lower formaldehyde yield within the 220 - 300 oC temperature range as 

compared with that of all the Fe-Mo-O nanorod materials produced. Within the 220 - 280 

oC reaction temperature range, decreasing the Mo/Fe atomic ratio from 6:1 to 2.2:1 

results in an increase of the formaldehyde yield. However decreasing the Mo/Fe atomic 

ratio further to 1.6:1 results in a decrease of the formaldehyde yield. Amongst all the 

catalysts tested, the one with Mo/Fe=2.2:1 shows the best catalytic performance in this 

220 - 280 oC temperature range. As the reaction temperature is further increased up to 

300 oC, the formaldehyde yield over the FeMoO-ar3 catalyst decreases slightly and all 

Fe-Mo-O catalysts showed a similar efficacy. This is probably because more CO is 

formed on the FeMoO-ar3 catalyst as compared with the other catalysts.  

The BET surface areas of Fe-Mo-O nanorod catalysts generated with different 

Mo/Fe atomic ratios are listed in Table 7.2. In comparison with the bare MoO3 nanorods 

(12.6 m2/g), the surface areas of Fe2(MoO4)3/MoO3 materials are all lower, and lie 

between 5.2 and 7.7 m2/g. The XRD patterns observed from these Fe-Mo-O nanorod 

catalysts (calcined at 500oC for 2h) are shown in Figure 7.3. As the Mo/Fe atomic ratios 

decrease from 6:1 to 1.6:1 (i.e. corresponding to gradually increasing the amount of Fe in 

the preparation), the characteristic diffraction peaks of the Fe2(MoO4)3 phase gradually 

intensify, whereas the intensity of the MoO3 reflections progressively weakens. No 
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diffraction peaks corresponding to the crystalline Fe2O3 hematite phase were found in any 

of the catalyst samples. 
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Figure 7.2 Catalytic performance of Fe-Mo-O materials prepared with different Mo:Fe 
ratios for the oxidation of methanol to formaldehyde. (Main by-products: CO, DME (di-
methyl ether), MF (methyl formate)).  
 
Table 7.2 BET surface areas of the Fe-Mo-O catalysts produced with different Mo:Fe 
atomic ratios. 

Sample BET Surface area / m2.g-1 

MoO3 nanorods 12.6 

Fe-Mo-O (Mo:Fe = 6:1) 5.2 

Fe-Mo-O (Mo:Fe = 3.6:1) 7.7 

Fe-Mo-O (Mo:Fe = 2.2:1) 7.2 

Fe-Mo-O (Mo:Fe = 1.6:1) 7.0 
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Figure 7.3 XRD patterns of the Fe-Mo-O materials prepared with different Mo:Fe ratios.  
 

Figure 7.4 shows the Raman spectra acquired from the Fe-Mo-O nanorod 

catalysts prepared with different Mo/Fe atomic ratios. It shows a similar trend to that 

exhibited in the XRD data, namely that as the Mo/Fe ratio decreases from 6:1 to 1.6:1, 

the Fe2(MoO4)3 Raman bands gradually intensify, while the MoO3 Raman bands 

progressively weaken. Again absorption bands characteristic of the Fe2O3 phase were not 

detected in any of the catalyst samples.  

The Raman spectra from the pure MoO3 nanorods exhibit the expected sharp 

characteristic bands of crystalline MoO3 at 997, 821, 666, 376, 336 and 284 cm-1. The 

Fe2(MoO4)3 phase generates Raman bands at 336, 784, 821, 937, 970 and 990 cm-1. The 

bands at 937, 970, and 990 cm-1 correspond to the Mo=O symmetric stretches of the three 

distinct, isolated MoO4 sites in bulk Fe2(MoO4)3.
[5] The Raman bands at 784 and 821cm-1 
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are the associated asymmetric stretches, and the broader band at 336 cm-1 is the related 

bending mode of these species.[5] It should also be noted that the weak bands at ~ 990 and 

~ 937 cm-1 are associated with the Fe2(MoO4)3 phase and are not related to the MoO3 

phase. Because both Fe2(MoO4)3 and MoO3 possess a Raman vibration at ~ 821 cm-1, the 

difference between these two phases is reflected only by the additional vibrations that are 

unique to MoO3 (namely 997, 666 and 284 cm-1).[6] For the Fe-Mo-O nanorod catalyst 

with excess MoO3 (Mo/Fe= 2.2, 3.6, 6), the Raman bands of both crystalline Fe2(MoO4)3 

and MoO3 are present. The data suggests that there is probably little or no residual MoO3 

phase present in the Fe2(MoO4)3/MoO3 catalyst produced with Mo/Fe=1.6:1.  
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Figure 7.4 Raman spectra obtained from the Fe-Mo-O nanorod catalysts with different 
Mo/Fe atomic ratios. Pure Fe2O3 and MoO3 nanorods are also shown as standard baseline 
materials. 
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Again absorption bands characteristic of the Fe2O3 phase were not detected in any 

of the catalyst samples. This implies that all the Fe2O3 has reacted with MoO3 nanorods 

to form Fe2(MoO4)3. It should be noted however that the weak Raman scattering may not 

be detectable for trace amounts of the dark residual Fe2O3 phase.  

Figure 7.5 shows SEM micrographs of this set of Fe-Mo-O nanorod catalysts. 

When the amount of Fe is low (i.e. Mo:Fe= 6:1 or 3.6:1), the observed morphologies are 

very similar to that of the bare supports, showing MoO3 nanorods with only a few 

scattered surface islands of size ranging between 20 and 100 nm as well as occasional 

abnormally large 200 nm particles (Figs. 7.5(a)(b)(c)(d)). As the amount of Fe is further 

increased to Mo/Fe=2.2:1 (Figs. 7.5(e)(f)), a significant number of larger islands with a 

size ranging between 50 and 100 nm appear on the surface of nanorods, which begins to 

look like a pretzel stick. When the amount of Fe is further increased up to Mo/Fe=1.6:1 

(Figs. 7.5(g)(h)) that is close to the stoichiometric ratio 1.5:1 for pure Fe2(MoO4)3, these 

surface islands tend to grow to a size larger than 100 nm. The island/nanorod morphology 

disappears, and these surface islands begin to coalesce. The size ranges of the surface 

islands for these Fe-Mo-O materials produced at different Mo:Fe atomic ratios are 

summarized in Table 7.3. It shows that the diameter of the surface islands increases with 

increasing Mo:Fe atomic ratio used in the preparation.  



 

Figure 7.5 SEM micrographs of 
A low magnification view and a higher magnification view are shown for (a,b) Mo:Fe = 
6:1, (c,d) Mo:Fe = 3.6:1, (e,f) Mo:Fe = 2.2:1,
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icrographs of Fe-Mo-O materials prepared with different Mo/Fe ratios. 
A low magnification view and a higher magnification view are shown for (a,b) Mo:Fe = 
6:1, (c,d) Mo:Fe = 3.6:1, (e,f) Mo:Fe = 2.2:1, (g,h) Mo:Fe = 1.6:1, respectively. 

b 

f 
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O materials prepared with different Mo/Fe ratios. 

A low magnification view and a higher magnification view are shown for (a,b) Mo:Fe = 
(g,h) Mo:Fe = 1.6:1, respectively.  
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Table 7.3 Size ranges measured from SEM micrographs of the surface islands for these 
Fe-Mo-O materials produced at different Mo:Fe ratios. 

Sample Size range of surface islands / nm 

Fe-Mo-O (Mo:Fe = 6:1) 20 - 100 nm 

Fe-Mo-O (Mo:Fe = 3.6:1) 30 - 100 nm  

Fe-Mo-O (Mo:Fe = 2.2:1) 50 - 100 nm 

Fe-Mo-O (Mo:Fe = 1.6:1) 100 - 200 nm 

 
Since the Fe-Mo-O catalyst prepared with a Mo:Fe atomic ratio of 2.2:1 (FeMoO-

ar3) gives the best catalytic performance, our detailed transmission electron microscopy 

characterization was mainly focused on this particular material. BF-TEM micrographs of 

sample FeMoO-ar3 (Fig. 7.6(a)) shows a number of islands sitting on the nanorod surface 

with sizes ranging between 5 nm and 100 nm. These surface islands exist mainly on the 

{001}-type termination facets of the MoO3 nanorod. An XEDS spectrum (Fig. 7.6(b)) 

taken from the large area incorporating an agglomerate of the nanorods exhibit major Mo 

L peak (at 2.293 keV) and Mo K peak (at 17.478 keV ) that are mainly from the MoO3 

nanorods, and a minor Fe K peak  (at 6.398 keV) that probably comes from the surface 

overlayer material. Higher magnification BF-TEM micrographs (Figs. 7.6(c)(d)) show 

that surface islands are mostly hemispherical, and three distinct micro-structural features 

within the nanorods, namely; (i) elongated internal voids in the MoO3 nanorod with sizes 

ranging between 5 and 50 nm (#1 in Fig. 7.6(c)); (ii) a inwards concave interface between 

the surface island and the nanorod (#2 in Fig. 7.6(c)), and; (iii) distinct pits on the MoO3 

nanorod surface (#3 in Fig. 7.6(d)). These pits could potentially form because the surface 

islands were detached from the nanorod (inset, Fig. 7.6(a)), which leaves behind concave 

surface pits. The origin of these three micro-structural features will be discussed in detail 
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in sub-section 7.4.1. It should be noted that both the internal voids and the surface etch 

pits were not observed in the pure MoO3 nanorods, which means that they were created 

during the calcination stage of the Fe-Mo-O materials. 

 
Figure 7.6 BF-TEM micrographs of FeMoO-ar3 catalyst showing (a) a typical 
island/nanorod morphology (inset, an enlargement of the square area delineated in (a) 
showing that surface island are beginning to be peeled off leaving a pit on the surface.); 
(c) elongated internal voids in the nanorod and (d) surface etch pits on the nanorod; (b) 
XEDS spectrum from the agglomerate presented in (a) showing Mo K, Mo L, Fe K and O 
K peaks. (Cu peaks are artifacts from the TEM copper grid.).  
 

Figure 7.7(a) is a high magnification BF-TEM micrograph of an individual 

surface bump, which shows moiré fringes within the island. The HR-TEM technique 
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allows us to study the interfacial structure between the surface island the nanorod in more 

detail. An HR-TEM micrograph taken from the square area delineated in Figure 7.7(a) 

shows crossed fringes which correspond to the (112) and (222�) lattice planes of the 

monoclinic Fe2(MoO4)3 phase (PDF# 04-011-0402) with an intersection angle of 65° (Fig. 

7.7(b1)). The crystalline MoO3 nanorod shows weak crossed fringes which can be 

indexed to (010) and (001) lattice planes of the α-MoO3 phase (Fig. 7.7(b2)). The weaker 

fringe contrast in the MoO3 is probably due to the higher thickness of the nanorod in this 

region along being imaged. A careful comparison between these two FFTs (Figs. 7.7(b1) 

and (b2)) shows that there is a possible epitaxial relationship between the surface 

Fe2(MoO4)3 island and the MoO3 nanorod. The epitaxial relationship is as follows:- 

[010]MoO3 // [1�1�4]Fe2(MoO4)3 with a lattice spacing of 3.700 Å and 3.897 Å, respectively;  

and [011]MoO3 // [112]Fe2(MoO4)3 with a lattice spacing of 2.704 Å and 4.597 Å, respectively. 

A grain boundary region between the island and the nanorod is shown in Figure 7.7(c), 

but no obvious interfacial dislocations were detected. This could be due to the fact that 

the interface between the two are not flat but curved resulting in an overlap of two 

structures instead of a clear edge-on view. Such a curved interface could be formed 

during the solid-state reaction between the surface Fe species and the MoO3 nanorod 

during calcination, which will be discussed in sub-section 7.4.1. It should be noted that 

the Fe2(MoO4)3 phase is quite sensitive to the electron beam. An amorphous overlayer 

observed on the Fe2(MoO4)3 island can be developed with increasing illumination time. 



 

Figure 7.7 (a) BF-TEM micrograph of a surface island on the MoO
TEM micrograph of the interfacial structure between the 
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TEM micrograph of a surface island on the MoO3 nanorod, (b) HR
TEM micrograph of the interfacial structure between the Fe2(MoO4)

nanorod with no defect observed, (b1) FFT taken from the Fe
(112) and (222�) lattice planes of the Fe2(MoO4)3 phase and

nanorod showing (010) and (001) lattice planes of the α-
(c) an enlargement of the interface showing a clear grain boundary; (d) XEDS line profile 

1’ direction showing both Mo signals and Fe signals only when the electron 
probe is focused within the surface island and (e) XEDS line profile alo

Mo signals are observed along this line whereas the Fe signals are 
(the step size is 4.4 nm). 
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STEM-XEDS line profile analysis was also performed to study the elemental 

distribution of Mo and Fe at the island/nanorod interface in the so-called “pretzel stick”-

like material. One STEM-XEDS line profile is drawn along the 1-1’ direction (Fig. 7.7(a)) 

which shows both Mo K signals and Fe K signals (Fig. 7.7(d)) only when the electron 

probe is focused within the surface island. This is expected since the HR-TEM analysis 

already convincingly shows these surface islands are Fe2(MoO4)3. When another line is 

drawn along the 2-2’ direction (Fig. 7.7(a)), Mo K signals are observed along the line 

whereas the Fe K signals are absent (Fig. 7.7(e)). This result indicates that Fe is not 

present on the terminated surface of MoO3 nanorods away from the surface bump and 

these “pretzel stick”-like materials consist of MoO3 nanorods with Fe2(MoO4)3 islands on 

the surface. To strengthen this interpretation, EFTEM analysis has also been performed to 

map out the elemental distribution of Fe, Mo and O in these nanorod materials. 

A typical island/nanorod morphology of the produced Fe-Mo-O material is shown 

in Figure 7.8(a) and its t/λ thickness map is displayed in Figure 7.8(b). It is normally 

required that the t/λ values are below unity in order for efficient collection of EELS 

spectra and reliable EFTEM analysis.[7] In this experiment, t/λ values in most of the area 

analyzed are indeed below 1, with the exception of the region at the center of the nanorod. 

This condition is acceptable, since the areas of interest are really the edge regions where 

the surface islands sit on the periphery of the nanorod. The O-K elemental map (Fig. 

7.8(c)) shows that O is well dispersed in the nanorod and in the surface islands, which 

agrees with the fact that both are oxide phases. The Mo-M4,5 elemental map (Fig. 7.8(d)) 

looks similar to the O-K elemental map in that the Mo signal is detected in both the 

nanorod and surface bumps. Some darker areas are also observed in the center of the 
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nanorod, which looks like Mo is not present. This is actually an artefact due to the 

increased thickness in the central part of the nanorod (Fig. 7.8(b) inset, where t/λ > 1) 

causing the blackout of the energy-loss signals from weak Mo-M4,5 edges. The Fe-L2,3 

elemental map (Fig. 7.8(e)) shows a different feature from the other two elemental maps. 

Fe is only observed in the surface islands, which further suggests that the islands in these 

nanorod catalysts are indeed a mixed Fe-Mo-oxide.  

 
Figure 7.8 (a) BF-TEM micrograph of the FeMoO-ar3 nanorod catalyst with surface 
islands, (b) t/λ thickness map (inset, t/λ values along the line), (c) O-K elemental map, (d) 
Mo-M4,5 elemental map and (d) Fe-L2,3 elemental map. 
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The effect of the Mo/Fe atomic ratio on the produced Fe2(MoO4)3/MoO3 

island/nanorod materials can be simply summarized as follows. With increasing amounts 

of Fe, more surface Fe2(MoO4)3 islands are formed on the MoO3 nanorods. Eventually 

for the larger Fe addition in the preparation stage, Fe-containing species react with MoO3 

nanorods, and form larger surface Fe2(MoO4)3 islands which finally coalesce.  

It should be noted that a small number of isolated smaller particles (~ 5 vol%) are 

also observed in all of these catalysts (Mo/Fe = 6:1 to 1.6:1). A typical example of this 

minor morphology is shown in Figure 7.9(a) having a particle size of around 100 nm. 

XEDS analysis (Fig. 7.9(b)) shows that they contain significant amounts of Fe, Mo and O. 

HR-TEM analysis from one of the smaller particles (Fig. 7.9(c)) shows that it is actually 

the Fe2(MoO4)3 phase with (202) and (010) lattice planes resolved. This is supported by 

the simulated and indexed [101�] SADP (Fig. 7.9(d)) which shows good agreement with 

the experimental FFT (inset, Fig. 7.9(c)). Hence these smaller particles, which is a minor 

morphology compared to the nanorod materials, are also Fe2(MoO4)3 materials. They 

could be formed from the reaction of Fe-containing species with small fragments of 

MoO3 nanorods. One such potential MoO3 fragment with about 100 nm in width and 400 

nm in length is shown in Fig. 7.1(c), which is underlying the regular MoO3 nanorod. 

Alternatively they could be the Fe2(MoO4)3 materials that are detached from the surface 

of nanorod catalysts and coalesce during calcination. 
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Figure 7.9 (a) BF-TEM micrograph of small particles rarely found in the nanorod 
catalysts, (b) XEDS spctrum taken from (a) showing Mo K, Fe K, Mo L and O K peaks, 
(c) HR-TEM micrograph of (a) showing (010) and (202) lattice fringes which correspond 
to the [101�] projection of Fe2(MoO4)3; and (d) the simulated and indexed SADP of the 
[101�] projection of Fe2(MoO4)3. 
 

7.3.3 Effect of changing the calcination time on the structure, chemical 

composition and catalytic performance of Fe-Mo-O catalysts 

The previous sub-section 7.3.2 has clearly demonstrated that these Fe-Mo-O 

nanorod catalysts are composite Fe2(MoO4)3/MoO3 island/nanorod materials, which have 
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a morphology analogous to that of a pretzel stick. In addition the Fe-Mo-O nanorod 

material produced with Mo/Fe atomic ratio = 2.2:1 gives rise to the best catalytic 

performance. In this sub-section, the effect of calcination time on the structure and 

performance of Fe-Mo-O nanorod catalysts is investigated. In this experiment the Mo/Fe 

atomic ratio was kept at 2.2:1 and the calcination temperature chosen was 400 oC. 

Figure 7.10 shows the catalytic performance of Fe2(MoO4)3/MoO3 nano catalysts 

subjected to different calcination times for the oxidation of methanol to formaldehyde. 

When the reaction temperature is lower than 260 oC, the samples subjected to a shorter 

calcination time exhibited a higher formaldehyde yield. As the reaction temperature is 

increased up to 260oC, all the samples show a similar formaldehyde yield. When the 

reaction temperature exceeded 300oC, the samples subjected to longer calcination times 

(i.e. 48h) gave the highest formaldehyde yield. At 300oC, the formaldehyde yield over 

catalysts with different calcination times showed the following trend: 48h > 18h > 12h > 

6h > 3h, with corresponding formaldehyde yields of 94.7%, 93.0%, 89.1%, 88.0% and 

79.1%, respectively. It is expected that longer calcination times will produce more of the 

active Fe2(MoO4)3 phase which is beneficial for formaldehyde production.  

The BET surface areas of the Fe2(MoO4)3/MoO3 catalysts calcined for different 

times are listed in Table 7.4. When compared with the pure MoO3 nanorods, the surface 

areas of these nanorod catalysts become relatively lower and tend to range between 6.8 

and 8.5 m2/g after calcination for more than 6 h.  

 



295 

 

80 120 160 200 240 280 320
0

20

40

60

80

100

 

 

F
A

 y
ie

ld
 /

 %

Reaction temperature / 
o
C

 400
o
C,3h

 400
o
C,6h

 400
o
C,12h

 400
o
C,18h

 400
o
C,48h

 
Figure 7.10 Catalytic performance of Fe-Mo-O materials prepared with different 
calcination times in selective oxidation of methanol to formaldehyde.  
 
Table 7.4 BET surface areas of Fe-Mo-O catalysts calcined for different time periods at 
400 oC.  

Sample BET surface area / m2.g-1 
MoO3 nanorods 12.6 

FeMoO-ct1 12.5 
FeMoO-ct2 8.5 
FeMoO-ct3 7.1 
FeMoO-ct4 6.8 
FeMoO-ct5 7.2 

 
 

XRD patterns obtained from Fe-Mo-O nanorod catalysts generated at different 

calcination times are shown in Figure 7.11. When samples were calcined at 400 oC, as the 

calcination time was prolonged, the diffraction peaks attributed to Fe2(MoO4)3 gradually 

became sharper and more intense. Sample FeMoO-ct1, which was calcined for 3 h, 

showed only very weak diffraction peaks of Fe2(MoO4)3. Surprisingly, no Fe2O3 
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diffraction peaks was found, which implies that the Fe-containing phase was initially 

dispersed in an amorphous state on the surface of the catalyst. As the calcination time 

was increased gradually up to 48 h, the Fe2(MoO4)3 diffraction peaks become stronger, 

while the strongest MoO3 (400) peak (at ~25.69°) still persists as compared to the 

reduced intensity of the (400) peak of MoO3 observed in  Figure 7.3 (Mo:Fe = 2.2:1, 500 

oC, 2h). This indicates that the formation of Fe2(MoO4)3 from the reaction of the Fe 

precursor and MoO3 is not yet completed. An even longer calcination time at this lower 

calcination temperature may be needed in order to complete the transformation and 

improve the crystallinity of the Fe2(MoO4)3 phase.  

10 20 30 40 50 60 70 80

400
o
C,48h

400
o
C,18h

400
o
C,12h

400
o
C,6h

400
o
C,3h

Fe
2
O

3

MoO
3
 nanorods

o:α-MoO
3
,*:Fe

2
(MoO

4
)
3

o o

**

o

o
o*

*****
o

 

 

In
te

n
s
it
y
 /

 a
.u

.

2 Theta / 
o

Figure 7.11 XRD patterns of Fe-Mo-O materials prepared with different calcination 
times at 400 oC.  
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As shown in Figure 7.12, when the sample was calcined at 400oC for increasing 

time periods, the Raman bands characteristic of the Fe2(MoO4)3 phase gradually 

strengthen, while those corresponding to the MoO3 phase weaken. This trend is similar to 

that found in the XRD patterns (Fig. 7.11). When the calcination time was 3h, weak 

absorption bands of Fe2(MoO4)3 are noted.  When calcined for 48h, strong absorption 

bands from Fe2(MoO4)3 vibrations are developed. Compared with the corresponding 

Raman spectra of FeMoO-ar3 sample prepared at 500 oC (Mo:Fe = 2.2:1, Fig. 7.4), more 

intense bands of the MoO3 phase and weaker bands of the Fe2(MoO4)3 phase are detected 

after 48h calcination at 400oC. This is consistent with the XRD data indicating that even 

after 48h of calcination treatment at 400 oC, the surface Fe2(MoO4)3 islands are still not 

completely transformed or well crystallized.  
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Figure 7.12 Raman spectra of Fe2(MoO4)3/MoO3 nanorod catalysts generated at different 
calcination times at 400 oC.  
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SEM micrographs of the Fe-Mo-O nanorod catalysts calcined at 400 oC for 

different time periods give a more intuitive view of microstructural development with 

time. As shown in Figure 7.13(a)(b)(c), when calcined at 400 oC for time periods less 

than 12 h, the MoO3 nanorods are covered by semi-continuous thin films, which are 

probably Fe-containing species (e.g. Fe2O3, or FeOOH, or Fe(OH)2NO3, or a mixture of 

these compounds) from the thermal decomposition of Fe(NO3)3·9H2O.[8] As the 

calcination time is increased (eventually up to 48 h) these surface films gradually develop 

into surface islands on the nanorods. This also suggests that the surface Fe-containing 

species react with the nanorod surface to produce more crystalline Fe2(MoO4)3 islands at 

longer calcination times, which is consistent with XRD and Raman data. However even 

after 48h calcination at 400 oC, the surface islands on the nanorod catalysts are not fully 

transformed, showing connected patches instead of the isolated islands that were 

observed in sample FeMoO-ar3 (Fig. 7.5(c)(f), 500 oC, 2 h).  

It is highly probable that if these materials were calcined for an even longer time, 

e.g. 96 h, a similar morphology to that found in FeMoO-ar3 would develop. Therefore, 

for the lower calcination temperatures- 400oC in this case, a longer calcination time is 

needed in order to produce completely transformed and/or well crystallized surface 

Fe2(MoO4)3 islands.  



 

Figure 7.13 SEM micrographs of 
times at 400 oC; (a) 3h, (b) 6h,
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In an attempt to identify the structure and composition of these semi-continuous 

thin films covering MoO3 nanorods, detailed TEM analyses (Fig. 7.14) were performed 

on sample FeMoO-ct2, a material which was calcined for 6 h at 400oC. As shown in the 

BF-TEM micrographs (Figs. 7.14(a)(b)), at the initial stages of calcination, a surface 

semi-continuous rough overlayer about 5 - 15 nm in thickness covers the whole nanorod. 

XEDS analysis (Fig. 7.14(c)) confirms that these films are Fe-containing compounds 

since a small Fe K peak at 6.398 keV was detected. The SADP (Fig. 7.14(d)) taken from 

a nanorod with overlayers (Fig. 7.14(b)) shows a major pattern which is close to the [100] 

projection of the α-MoO3 phase, and a few extra spots that could arise from the rough 

overlayer. Both XRD patterns and Raman spectra of FeMoO-ct2 (400 oC, 6 h, Figs. 7.12 

and 7.13) detected a small amount of crystalline Fe2(MoO4)3 materials. Hence it is very 

tempting to assign some of these extra diffraction spots to the Fe2(MoO4)3 phase. For 

example, the arrowed diffraction spot in Figure 7.14(d) can be tentatively assigned to be 

the (322�) reflection of the Fe2(MoO4)3 phase, which has an interplanar spacing of 3.46 Å. 

An HR-TEM micrograph taken from the FeMoO-ct2 material is shown in Figure 

7.15(b). An XEDS line profile (Fig. 7.15(c)) was acquired along the 3-3’ path indicated 

on the Fe-Mo-O nanorod (Fig. 7.15(a)). Both Mo K and Fe K signals are detected along 

this line, which indicates that these semi-continuous thin films contain Fe. As can be seen 

from Figure 7.15(c) Fe K signal is not constant across the diameter of the nanorod, which 

indicates that this overlayer is not uniformly dispersed on the nanorod. This agrees with 

the micrograph in Figure 7.13(b), where a patchy overlayer coverage is shown. An HR-

TEM image (7.15(b)) taken from the rim region of this particular nanorod shows an 

amorphous overlayer with a thickness of 3 - 5 nm, which would not be “visable” by the 
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XRD technique. It should be noted that although extreme care was taken, the possibility 

that some fraction of the amorphous layer was formed due to electron beam damage can 

not be entirely ruled out. 

 
Figure 7.14 TEM data from the FeMoO-ct2 material (400 oC, 6h): BF-TEM micrographs 
of (a) Fe-Mo-O nanorods, (b) the enlargement of the squared area in (a) showing a semi-
continuous rough overlayer covering the nanorod; (c) XEDS spectrum from (b) showing 
strong signals from Mo L and Mo K peaks, and weak signal from Fe L peak (Cu signals 
are artifacts from the TEM copper grid); and (d) SADP’s from (b) exhibiting major 
patterns which is close to the [100] projection of α-MoO3 and a minor spot (arrowed in 
(d)) that might be the (322�) reflection of Fe2(MoO4)3. 
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Figure 7.15 (a) BF-TEM micrograph of the sample FeMoO
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calcination at 400 oC. In addition, at a lower calcination temperature such as 400 oC, it 

takes much longer (> 48h) to generate fully transformed and well crystallized Fe2(MoO4)3 

islands.  

7.3.4 Enhanced catalytic performance of the Fe2(MoO4)3/MoO3 nanorod catalyst 

compared to the standard iron molybdate catalyst 

The standard iron molybdate (Fe-Mo-O) catalyst, which is structurally similar to 

the commercial catalyst, has a characteristic particle morphology with size ranging 

between 100 nm and 200 nm as shown in Figure 7.16(a)(b). SADP’s acquired from an 

agglomerate of the standard Fe-Mo-O catalyst (Fig. 7.16(c)) exhibit characteristic the 

(212�), (402�), (024) and (420) diffraction rings expected of the Fe2(MoO4)3 phase. 

 
Figure 7.16 Standard Fe-Mo-O catalyst: (a) SEM and (b) BF-TEM micrographs showing 
smaller particles with size of 100 - 200 nm, and (c) SAED ring patterns of agglomerrates 
in (b) which can be indexed to the Fe2(MoO4)3 phase (some characteristic rings are 
indexed as #1: (212�), #2: (402�), #3: (024) and #4: (420) ).  
 

Figure 7.17 shows a comparison of the catalytic performance between the Fe-Mo-

O nanorod catalyst produced in this study (FeMoO-ar3) (which shows the better catalytic 

performance) and the standard Fe-Mo-O catalyst under the same reaction conditions. At 

the same reaction temperature, the conversion rate of methanol has increased by 5% to 15% 

over the nanorod catalyst when compared to that of the standard catalyst, while the 

a b c 

#1 

#2 

#4 
#3 



304 

 

selectivity to formaldehyde has been maintained. The formaldehyde yield, can therefore 

in principle be increased by 5% to 15% depending on the reaction temperature chosen in 

the 240 and 280 °C range.   
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Figure 7.17 Comparison of the catalytic performance between our Fe-Mo-O nanorod 
catalyst (FeMoO-ar3) and the standard Fe-Mo-O catalyst at various reaction temperatures. 
Key: ■ standard catalyst, ▲ nano-rod catalyst.  
 

7.4 Discussion  

7.4.1 The formation mechanism of the Fe2(MoO4)3/MoO3 island/nanorod catalyst 

In this study, the Fe2(MoO4)3/MoO3 “pretzel stick”-like nanorod catalysts were 

generated by reacting an Fe-containing precursor (Fe(NO3)3·9H2O) with pre-synthesized 

MoO3 nanorods. It is well known that Fe(NO3)3·9H2O can be decomposed into Fe-

containing compounds, such as Fe2O3, FeOOH, or Fe(OH)2NO3 under thermal 

environment.[8] Hence the synthesis of the Fe2(MoO4)3 surface island materials can be 
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rationalized in terms of a solid-state reaction occurring between the surface film 

containing Fe and the MoO3 nanorod under the thermal environment encountered during 

calcination. 

A similar synthesis strategy was first used by Wang et al.[9] to produce ferric 

molybdate nanotubes. In their experiments, they started from MoO3 nanorods and then 

deposited Fe(OH)3 onto the surface to form a core/shell  MoO3/Fe(OH)3 nanorod. After 

heating in air, monoclinic ferric molybdate nanotubes with internal voids were generated 

via the Kirkendall effect. A schematic diagram illustrating the progress of this solid-state 

reaction sequence is shown in Figure 7.18. It should be noted that in their experiment, a 

thick Fe-containing precursor (i.e. Fe(OH)3) shell, with thicknesses up to 40 nm was 

deposited onto the pre-synthesized MoO3 nanorods.  

 
Figure 7.18 Schematic diagram showing the formation of Fe-Mo-O nanotubes by the 
solid-state reaction and the Kirkendall effect.[9] 
 

However, in our study a much thinner Fe-containing film (≤ 15 nm) was 

deposited as shown in Figures 7.14(b) and 7.15(b). Hence after calcination, scattered 

surface particles are formed in our case, instead of the continuous porous shell as noted 

by Wang et al. when using a thicker Fe precursor shell. In our experiments most of the 

surface Fe2(MoO4)3 islands are nearly hemispherical in nature, which indicates that the 

rounded surface could be a more thermally stable morphology for the Fe2(MoO4)3 
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materials. This can be supported by the fact that the standard Fe2(MoO4)3 materials are 

mostly rounded particles as observed by SEM and TEM (Fig. 7.16). The unique 

Fe2(MoO4)3/MoO3 island/nanorod morphology generated in our studies is probably 

formed following a solid-state diffusing reaction accompanied by the Kirkendall effect as 

described in several other studies.[10,11] It is well known that Fe-containing compounds 

can react with MoO3 in the solid state to form Fe2(MoO4)3.
[3,9,12] The Kirkendall effect 

was first used to describe a classical phenomenon in metallurgy in which the boundary 

layer between two metals can move due to the difference in the diffusion rates of these 

two metals.[13] It is also one of the more widely accepted mechanisms invoked to explain 

porous nanorod formation via the reaction between two metal oxides[10,11,14]. In our 

experiment, surface Fe reacts with the MoO3 nanorods to form surface Fe2(MoO4)3 

islands through two possible pathways, namely (i) the solid-state interdiffusion between 

the interfacial Mo (which is on the interface between MoO3 and surface Fe) and Fe; and 

(ii) the solid-state interdiffusion between the internal Mo (which is originally away from 

the surface) and  Fe.  

The pathway (i) can be justified by the observation of an inwards concave 

interface (Fig. 7.6(c)- #2 and Fig. 7.19- #2) between the surface Fe2(MoO4)3 islands and 

the MoO3 main body. Since the interfacial Mo diffuses into the surface island at a much 

faster rate than that at which the external Fe diffuses into the nanorod, this results in the 

loss of Mo in these areas. Such Mo loss gives rise to an inwards concave morphology at 

the interface. In some areas, surface islands are peeled-off leaving behind concave “pits” 

on the surface (Fig. 7.6(d)- #3 and Fig. 7.19- #3), which supports that Mo diffuses faster 

and is removed from these areas of the MoO3 nanorod. Interestingly, these surface “pits” 
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on MoO3 nanorods are close to hemispherical, which means that the MoO3 main body 

was trying to match with the spherical morphology of the surface Fe2(MoO4)3 islands 

during calcination. Such a similar phenomenon was also observed by Posadas et al.
[15] in 

the study of TiSi2 islands on Si(001) facets. This curved interface morphology was 

attributed to the surface and interface energy minimization between the islands and the 

main body. 

 
 

Figure 7.19 BF-TEM micrographs of Fe2(MoO4)3/MoO3 island/nanorod catalysts 
(FeMoO-ar3) observed in this experiment showing more examples of internal voids 
(labelled #1), concave interface (labelled #2) and surface pits (labelled #3). 
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Similarly in pathway (ii), internal Mo atoms originally away from the surface, 

diffuse to the surface at a much faster rate than that at which the surface Fe diffuses into 

the nanorod, which can leave internal voids within the nanorod (see Fig. 7.6- #1 and Fig. 

7.19- #1). This phenomenon occurring as a result of interfacial solid-state reactions has 

been observed in many studies.[9-11,14] The formation of internal voids was attributed to a 

spatial confinement effect given by this 1D nanorod morphology. When the outward 

diffusion of Mo occurred, local areas having vacancy supersaturation are formed due to 

the spatial confinement, which then coalesce into an internal void.[9-11,14]  

Hence from our observations the dominant formation mechanism for the 

Fe2(MoO4)3/MoO3 island/nanorod morphology follows the sequence:-  

(i) An Fe-containing compound is deposited onto the surface of the nanorod;  

(ii) During calcination at high temperature the surface Fe-containing film begins 

to react with underlying MoO3 via interdiffusion to form Fe2(MoO4)3 on the surface 

through a solid-state reaction;  

(iii) Due to the Kirkendall effect, inwards concave interfaces and internal voids 

are formed with the MoO3 and an Fe2(MoO4)3/MoO3 island/nanorod morphology is 

produced. A schematic diagram of the formation sequences observed in this study is 

shown in Figure 7.20.  
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Figure 7.20 Schematic diagram depicting the formation mechanism of 
Fe2(MoO4)3/MoO3 island/nanorod catalysts through the solid-state reaction. (↨ represents 
the region where interdiffusion occurs between Mo and Fe; solid circles represent internal 
voids; yellow areas represent the MoO3 nanorod; grey areas represent the surface Fe-
containing compounds; and blue areas represent the Fe2(MoO4)3 particles. In this diagram 
the relative thickness of Fe-containing compounds and the relative size of the internal 
voids and surface islands are exaggerated for clearer presentation, which are not in the 
real scale compared to the size of the MoO3 nanorod.) 
 

7.4.2 Possible reasons for the enhanced catalytic performance of 

Fe2(MoO4)3/MoO3 island/nanorod catalysts as compared to standard Fe2(MoO4)3 

catalysts 

Most researchers believe that Fe2(MoO4)3 is the active component of the 

catalyst[2,16,17] and that methanol oxidation on Fe2(MoO4)3 follows a Mars-van-Krevelen 

mechanism.[18] In this mechanism lattice oxygen from the surface region of the 

Fe2(MoO4)3 crystal is incorporated into the gaseous products during the reaction and 

leave behind vacancies. These O vacancies are then neutralized by gas-phase oxygen 

molecules. Alessandrini et al.
[19] proposed that the stoichiometric Fe2(MoO4)3 phase was 

the active phase. The excess Mo did not influence the specific activity of the catalyst, but 
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was necessary to prevent inactive iron-rich phases, such as the reduced FeMoO4 phase, 

forming on the surface. Soares et al.
[2] agreed that Fe2(MoO4)3 was the active phase of the 

Fe-Mo-O catalyst. They proposed that excess Mo in the Fe-Mo-O catalyst could give rise 

to a higher selectivity to formaldehyde, which was attributed to the enhanced oxidization 

potential on the surface. In a recent review, Soares et al.
[3] stated that this excess MoO3 

phase can act like a reservoir which provides mobile Mo species to regenerate the 

reduced surface of catalysts during the reaction. Using XEDS and XPS, the same 

authors[20] observed the migration of Mo from the bulk to the surface in a Mo rich Fe-

Mo-O catalyst, which occurred in order to replenish the loss of surface Mo during 

methanol oxidation. Such a synergistic effect was also supported by Jacques et al.,[21] 

who used an ultra-rapid in-situ diffraction technique to analyze these materials under 

successive reducing (5% H2/Ar) and oxidizing (5% O2/Ar) environments. They found 

that the reduced β-FeMoO4 phase can be quickly re-oxidized back to the Fe2(MoO4)3 

phase in the presence of MoO3 as shown in eqn. 7.1.  

2 (β-FeMoO4) + MoO3 + ½ O2 � Fe2(MoO4)3           (7.1) 

However, some researchers attribute the enhanced catalytic performance of Fe-

Mo-O catalysts with excess MoO3 to the formation of a surface MoOx monolayer on the 

Fe2(MoO4)3 phase.[22] They believe that this surface MoOx monolayer is the catalytically 

active phase. The excess crystalline MoO3 in Fe-Mo-O catalysts is then only used to 

replace the surface MoOx loss during the reaction. A more detailed literature review 

concerning the determination of the active sites in Fe-Mo-O catalysts for methanol 

oxidation can be found in Chapter 1, sub-section 1.4.4. 
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Obviously determining the active sites in the selective oxidation of methanol to 

formaldehyde over Fe-Mo-O catalysts is still a source of lively ongoing debate. In this 

work, the Fe2(MoO4)3/MoO3 island/nanorod catalyst with Mo/Fe=2.2:1 calcined at 

500 °C for 2 h shows the best catalytic performance amongst all of the Fe-Mo-O catalysts 

produced. It achieved a formaldehyde yield of 92.1% at 280 °C. The synergistic effect 

between the surface Fe2(MoO4)3 islands and MoO3 nanorods is more likely to be the main 

factor for the enhanced catalytic performance. In this scenario, the MoO3 reservoir is in 

close and very stable contact with the active Fe2(MoO4)3 phase, and is always available to 

balance Mo losses through possible sublimation or surface diffusion during methanol 

oxidation. This unique and very stable island/nanorod morphology may simply provide a 

better synergistic effect since each single Fe2(MoO4)3 island is connected separately to 

the underlying MoO3 reservoir. It should be noted that none of techniques used in this 

study was sensitive enough to detect a MoOx monolayer on the Fe2(MoO4)3 phase. Hence 

it is plausible that a MoOx monolayer may exist on the surface of Fe2(MoO4)3 islands in 

our Fe-Mo-O catalysts, which would play a vital role in the oxidation of methanol. 

7.5 Conclusions and suggestions for future work  

Using an impregnation method to deposit materials onto pre-synthesized MoO3 

nanorods, a series of Fe2(MoO4)3/MoO3 island/nanorod catalysts were prepared having 

different Mo/Fe atomic ratios (from 6:1 to 1.6:1) and subjected to different calcination 

times (from 3h to 48h at 400 °C). The best Fe-Mo-O catalysts produced have a “pretzel 

stick”-like morphology with the MoO3 nanorods as the main body of the pretzel and the 

Fe2(MoO4)3 islands as the ‘salt grains’. This characteristic morphology develops via the 
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interaction between the surface Fe-containing precursor phase and the MoO3 nanorod 

through the solid-state reaction coupled with the Kirkendall effect. The catalytic testing 

shows that the Fe2(MoO4)3/MoO3 island/nanorod catalyst generated with a Mo/Fe atomic 

ratio of 2.2:1 with a 2 h calcination time at 500 °C has the best catalytic performance, 

giving a formaldehyde yield of 92.1% at 280 °C. Its catalytic performance is comparable 

to that of the standard Fe-Mo-O catalyst and even slightly exceeds it in the 240 - 280 °C 

temperature range. Such an enhancement in catalytic performance may be due to a better 

and more stable synergistic effect provided by the unique island/nanorod morphology. 

In this project two series of Fe-Mo-O materials, namely (i) an atomic ratio series 

and (ii) a calcination time series have been studied in some detail. In order to complete 

this systematic study, several more samples relating to calcination temperature series 

need to be studied. In this series, the calcination temperature can be adjusted from 550 to 

800 °C. This would allow us to investigate the effect of the higher calcination 

temperature on the physical structure, chemical composition and catalytic performance of 

the produced catalysts. Since the identification of active sites of Fe-Mo-O catalysts for 

the methanol oxidation is still being hotly debated, additional techniques such as the 

temperature programmed reduction (TPR), in-situ optical spectroscopy (e.g. Raman and 

infrared) and surface analysis techniques (e.g. low-energy ion scattering (LEIS) and XPS) 

could be applied to these unique Fe2(MoO4)3/MoO3 island/nanorod catalysts. These 

potentially reveal the reaction mechanism and surface modifications occurring during the 

methanol oxidation reaction. It should be noted that in this project, all of the Fe-Mo-O 

materials studied by electron microscopy techniques were unused catalyst materials. 

More electron microscopy examination (i.e. SEM, TEM, HR-TEM and STEM) should be 
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performed on the “used” catalysts to investigate any micro-structural details that might 

change during the reaction, especially the surface structure and composition of these 

Fe2(MoO4)3 islands. Ideally in-situ electron microscopy techniques could be used to study 

these materials at the atomic scale under typical reaction conditions. Only by combining 

the results from a variety of in-situ techniques, can a better understanding of the 

structure-performance relationships in these fascinating Fe2(MoO4)3/MoO3 

island/nanorod catalysts be achieved.  
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