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Chapter 2
Synthesis of Novel Catalytic Materials: 
Titania Nanotubes and Transition Metal 
Carbides, Nitrides, and Sulfides

Davi Coelho de Carvalho, Josue Mendes Filho, Odair Pastor Ferreira, 
Alcineia Conceição Oliveira, Elisabete Moreira Assaf, and Yanet Villasana

2.1  �Introduction and Scope

2.1.1  �Overview

Catalysis is responsible for most of the advances in modern chemistry and industry. 
Food, fuels, chemical, pharmaceuticals, plastic, fibers, and fertilizers are examples 
of the impact of catalytic reactions on mankind, considering that chemical industry 
has been built after paramount advances in catalysis science and technology for the 
transformation of fossil and other resources into high-value products.

However, as the demand for efficient materials for catalytic processes has 
increased rapidly over the last century, this caused a huge growth in the search for 
new catalytic materials in comparison with the improvement of the traditional cata-
lysts. Recently, much attention has been paid to the preparation of novel catalytic 
materials to address for challenging catalytic reactions and processes leading to 
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environmental friendly technologies to meet current demand of products, energy, 
and services in a situation of social and economic sustainability. Properties of new 
catalytic materials depend on a large extent not only on the synthesis method, which 
defines the catalyst surface structure and porosity, but also on the final treatments 
such as calcinations which allow building their structures. The most important and 
widely used methods are sol–gel, precipitation, impregnation, chemical vapor depo-
sition, mechanical mixtures, complexation, gelation, crystallization, hydrothermal 
treatment, and ion exchange, among others. Through these methods, innovative 
catalytic materials including metal organic framework (MOF), inorganic nanotubes 
(INT), carbon nanotubes (CNT), hydrotalcites (HT), zeolites, perovskites, pnic-
tides, graphene, hierarchically porous materials, spinel oxides, hexaaluminates, 
composite oxides, carbides, nitrides, sulfides, and so on have been studied. Supports, 
precursors, promoters, and additives also have an essential role in catalytic material 
synthesis since they can modify acid-base properties, metal-support interactions, 
particle sizes and shapes, and surface species, and probably incorporate synergetic 
effect, which subsequently have an impact on catalytic performance, in terms of 
yields, stability, and selectivity.

Inorganic oxides have been used as catalytic supports due to their high thermal 
stability and also their ability to preserve or enhance the properties of the bulk active 
phase. Alumina, silica, titania, and zirconia are commonly used for an extensive vari-
ety of catalytic reactions as supports. Titanium functionalities generally provide 
redox and acid-base properties, which can enhance the interactions between the solid 
surface and hydrocarbon molecules, e.g., methane, carbon monoxide, and carbonyl 
compounds, among others. The possible structures of the titanium can be included in 
bulk TiO2 in rutile or anatase phases and titanate nanotubes. Originally, interest in the 
latter materials has been mainly focused on their use as gas sensors, water treatment, 
solar energy cells, medicine, electrochemistry, hydrogen storage, and new catalysts 
or catalyst supports and in environmental protection, as well. In this aspect, titanate 
nanotubes with elevated textural properties are recently receiving a great deal of 
attention by virtue of their specific structures and unique properties in adsorption 
studies and catalytic supports. Since these solids were found to exhibit good catalytic 
activity in reactions, other inorganic nanotubes such as vanadates, sulfates, selenides, 
tungstates, molybdate nanotubes of silica, alumina, perovskites, ceria, and palladium 
have been widely investigated and utilized for polymerization, photocatalytic activ-
ity, anodization, Knoevenagel reaction, oxidations, acid-base reactions, as well as 
reduction of methyl orange and Cannizzaro reactions.

Furthermore, inorganic oxides with elevated surface areas have been widely used 
as supports of conventional catalysts for the upgrading and transforming of crude 
oil through hydrotreatment and hydrocracking reactions. Usually, these supports 
consist of alumina, silica-alumina, or zeolites with a surface area of about 200 m2g–1. 
Textural properties have significant incidence on the diffusion of reactants through 
pores and active sites, particularly for voluminous molecules, as those present in a 
complex matrix such as crude oil (resins and asphaltenes). On the other hand, the 
active phase of these conventional catalysts is commonly based on transition metal 
sulfides (TMS) of Mo, promoted with Co or Ni. However, processing of nonconven-
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tional crude oils (heavy or extra-heavy) differs substantially from processing of 
conventional crude oils (medium and light crude oil), due to the presence of large 
amounts of asphaltenes and high contents of S, N, and metals, which rapidly deac-
tivate these conventional catalysts, by sintering, poisoning, and pore mouth clog-
ging. As a consequence, some efforts have been made to improve deactivation 
resistance of hydrotreatment catalysts in terms of S, N, metals, and coke resistance, 
and also lifetime in the process, by changing active phases and textural properties of 
supports. In this regard, recently carbides and nitrides have been considered as an 
alternative for the hydrotreatment of heavy crude oils since they can successfully 
perform hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactions 
and are more resistant to coke than conventional TMS.

For these reasons, the aim of this chapter is to discuss the synthesis of novel cata-
lytic materials and their application in a variety of catalytic processes, emphasizing 
on the structure/function relationships obtained by titania nanotubes and also transi-
tion metal carbides and nitrides (TMC and TMN, respectively). These exciting 
modern advances are moving from the fundamental and practical setting to the 
pilot-plant stage. Thus, technologies are currently being developed that will enable 
us to use these materials in catalytic plants by replacing the traditional catalysts. The 
approaches for using titanate nanotubes as catalysts or catalyst supports include 
some of the advantages such as their low cost, environmentally friendly aspects, 
stability, and lifetime. TMC and TMN have shown to be resistant to severe deactiva-
tion and also being highly active during hydrotreatment and hydrocracking reac-
tions due to their resemblance with noble metals in terms of electronic properties.

This chapter sets out to demonstrate that the synthesis of novel catalytic materi-
als has driven the majority of the studies of catalysis up to now, rather than the 
improvement of the benchmark catalysts; there are significantly more investigations 
on the synthesis of new solids for catalytic reactions besides other applications. 
Section 2.2 discusses the overall forecast for new catalytic materials related to this 
approach. Section 2.2.1 discusses the methods of synthesis, as this provides the 
basis for how to design innovative catalytic materials. Conventional solids are syn-
thesized by physical or chemical methods and these strategies are also widely uti-
lized to obtain newly porous materials. Inorganic nanotubes including titanate 
nanotubes themselves are promising candidates to be industrial catalysts. Therefore, 
Sect. 2.2.2 considers the general aspects concerning the inorganic nanotubes, 
including their routes of production, which can be used as-synthesized or modified. 
Also, the types of inorganic nanotubes, their characterizations, and some applica-
tions will be emphasized. Section 2.2.2.1 discusses the synthesis routes to obtain 
titanate nanotubes describing their characterizations and their uses. Section 2.2.2.2 
explains the reasons for what the as-synthesized titanate nanotubes can be applied 
in the production of valuable chemical intermediates through reactions such as 
polymerization, photocatalytic activity, anodization, Knoevenagel reaction, oxida-
tion and reduction of methyl orange, Cannizzaro reaction, CO oxidation, hydrofor-
mylation of vinyl acetate, and phenol oxidation. On the other hand, Sect. 2.2.3 
discusses about catalytic profile of TMC and TMN and their generalities; moreover, 
in next Sect. 2.2.3.1 synthesis, characterization, and applications are briefly 
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described for bulk and supported TMC and TMN finally in Sect. 2.2.3.2 their 
specific application as catalysts for the hydrotreatment of model molecules and 
crude oil is discussed.

Finally, Sect. 2.3 provides the summary and conclusions for this chapter. 
Significantly, this manuscript describes the fundamental chemistry on the methods 
of synthesis to obtain catalysts, inorganic nanotubes, TMC, and TMN; their applica-
tions in catalytic reactions; and the needs for future new catalytic material 
development.

2.2  �Forecast for New Catalytic Materials

The constantly growing world demand for materials to be applied as catalysts has 
shown that there is a need of improving the traditional catalysts or produce new 
solids for catalytic reactions. Coupling this with rising instability in the price of 
reactants, devices, preparation of the materials, and uncertainty of supply as well, 
many research groups have been encouraged to other drivers in the search for 
alternative routes to prepare materials. This search also includes a very important 
multidisciplinary research scope for novel strategies for material syntheses, as 
new catalytic materials [1–7]. Advances in computational chemistry and pursuit 
for a deep understanding of factors involved during catalytic reactions have moti-
vated the development of methods to simulate an entire catalytic process consider-
ing thermodynamic parameters, leading to prediction of trends in reactivity and 
performance, and then tailoring of catalytic structure, this being transduced into 
savings in synthesis and catalytic tests [8–14], as it will be seen in other chapters 
of this book.

A close look in the search of new catalytic material theme over the past 10 years 
reveals that the researches typically focused on the synthesis of innovative materials 
to meet demand for experimental setups and technological aspects of the catalytic 
reactions. Moreover, an aggressive growth is expected to continue, driven primarily 
by investments in preparation of material domains after 2015 (Fig. 2.1).

If these growth speculations are met, new catalytic materials would account for 
more than 19,519 publications of the catalytic field search by 2015. In other words, 
hundreds of papers are expected to be published in this field. Noteworthy, the above-
mentioned projections have arisen based on the development and design of new 
catalytic materials such as MOF, INT, CNT, hierarchically porous materials, HT, 
zeolites, pnictides, graphene, perovskites, spinel oxides, hexaaluminates, graphene, 
composite oxides, transition metal carbides, and nitrides [1–7, 11–17]. In addition, 
the search is associated to the development of synthetic routes throughout the meth-
ods involving sol–gel, precipitation, impregnation, chemical vapor deposition, 
mechanical mixtures, complexation, gelation, crystallization, nanocasting, hydro-
thermal treatment, temperature-programmed reaction with reactive gases, and ion 
exchange, among others [17–25].

D. C. de Carvalho et al.
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2.2.1  �Methods of Synthesis to Design New Catalytic Materials

According to the Schwarz et al. [20], the catalytic materials exist in various forms 
and their preparations follow different protocols with a huge number of possible 
synthesis routes, frequently larger than the number of known catalysts. Hence, it is 
important to bear in mind that the new catalysts have been developed and shown 
promise in solving challenges encountered by the hydrocarbon transformation reac-
tions in the industry. Therefore, as catalysis is the basis of the chemical industry 
[21], the improvement of properties and the discovery of new functionalities for the 
catalysts are achieved by a well-controlled and a better understanding of the prepa-
ration methods. Moreover, the idea of tailoring materials for specific applications 
has been widely spread as a consequence of the need for new materials that can 
handle challenging processes with a minimum of environmental impact, almost 
reaching zero by-products and using abundant materials in the world, with the 
vision of promoting the mitigation rather than adaptation to global climate change, 
especially on those processes identified by their highly negative impacts on the 
environment, as it occurs for the fuel and petrochemical industry [5, 26–31].

Thus, several methods have been developed in an attempt to attend these require-
ments including precipitation, impregnation, coprecipitation, sol–gel, chemical 
vapor deposition, mechanical mixtures, nanocasting, complexation, gelation, crystal-
lization, hydrothermal treatment, and ion exchange, among others [1–7, 23, 32–39].

The most common methods used to prepare catalysts are divided into two fami-
lies, the precipitation and impregnation procedures, as illustrated in Fig. 2.2.
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Fig. 2.1  Forecast for the applications of new catalytic materials. The period is 2006–2015
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The precipitation from a homogeneous solution route is a technique based on the 
fact that one or more soluble salts, which contain the metal of interest, are neutral-
ized by addition of a base for generation of precipitate or coprecipitate of the cor-
responding metal oxide gels [32]. As a result of the process, relative supersaturation 
is kept low with phase separation from the homogeneous liquid solution. The result-
ing precipitate is transformed into the following preparation stages into new solid 
phase through heating procedures, being the active catalyst. It has been claimed that 
the precipitation route includes the variant coprecipitation through two or more salt 
precursors used with ending calcination treatment steps, which transform amor-
phous precipitates to crystalline materials [20].

The classical impregnation route consists of the synthesis strategy whereby a cer-
tain volume of solution containing the precursor of the active element is contacted 
with the solid carrier material (silica, alumina, magnesia, active carbon, titania, etc.) 
[20, 32, 33]. The suspension is formed, being afterwards heated to remove the solvent 
and to disperse the metal on the carrier [32]. When the volume of the metal salt solu-
tion taken by the carrier is either identical or lesser than its pore volume, the tech-
nique is designed as incipient wetness [20]. The impregnation route also comprises 
different techniques such as ion exchange, deposition and grafting, among others.

The ion exchange consists of exchanging either hydroxyl groups or protons of 
the carrier with cationic and anionic species in solution [32]. The adjustment of the 
pH is a key factor to have an electronic interaction between the support and the 
metal precursor.

The traditional sol–gel method consists of the formation of a sol followed by the 
formation of gel [34]. This method is mainly based on the chemistry of hydrolysis 
and polymerization reactions and uses colloidal dispersion or inorganic precursors 
to produce novel materials. The method can use a wide variety of precursors, but the 
alkoxides are the most commonly used. Moreover, the alkoxides react with nucleo-
philic reagents giving rise to new precursors that exhibit different molecular struc-
ture, functionality, and reactivity [32, 34].

Other methods to prepare catalytic materials, for instance chemical vapor depo-
sition, mechanical mixtures, nanocasting complexation, gelation, crystallization, 
hydrothermal treatment, and ion exchange, are well described in the literature [20–

Fig. 2.2  Schematic representation of precipitation and impregnation routes to prepare catalysts
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23, 32–43]. The main preparation routes are summarized in Fig. 2.3. These methods 
allow defining the properties of the catalyst via blending, transforming, and mount-
ing steps to obtain the final catalyst to be applied in the reactions.

Importantly, through the abovementioned methods, novel materials such as metal 
organic framework (MOF), inorganic nanotubes (INT), carbon nanotubes (CNT), 
hierarchically porous materials, hydrotalcites (HT), picnides, zeolites, perovskites, 
spinel oxides, hexaaluminates, graphene, composite oxides, and so forth have been 
developed. The advantages and disadvantages of using these methods are shown in 
Table 2.1.

Despite these catalyst preparation methods producing materials with advanta-
geous structural and porosity features, some of these synthetic routes require a 
sequence of several complex processes, many of them not completely understood.

2.2.2  �Inorganic Nanotubes: General Aspects

Synthesis of inorganic nanotubes (INT) has recently drawn considerable inter-
est in the research areas of solid-state chemistry and nanomaterials. The INTs are 
nanostructured materials derived from layered inorganic compounds possessing 

Fig. 2.3  Schematic diagram showing the methods of blending, transforming, and mounting the 
catalysts (adapted from ref. [20])
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structures comparable to those of graphite [43, 47]. For instance, Fig. 2.4 illustrates 
the MX2 (M = Ta, Zr, Mo, W, Cd, Nb, Hf; X = S, Se) metal dichalcogenides, which 
are inorganic compounds with a metal-layered sandwiched structure between two 
chalcogen layers, with the metal in a trigonal pyramidal or octahedral coordination 
mode [43]. What makes these structures interesting is that they comprise unsatu-
rated bonds at the edges of the layers, similar to that presented in graphite. It is 
important to figure out that especially in case of the dichalcogenide layers, there 
is instability towards bendings and these solids have a high propensity to roll into 
curved structures [43, 48].

In recent years, these INTs have moved towards being the subject of intense 
multidisciplinary studies in reason of their one-dimensional nanostructure, excel-
lent physiochemical properties, and versatile applications such as sensors, adsor-
bents, solar cells, catalyst supports, medicine, photocatalysis, drug delivery, and 
electronics, among other applications [43, 47–52].

Table 2.1  Distinct preparation methods to obtain new catalytic materials [20, 44–49]

Method of 
synthesis Advantage Disadvantage

Coprecipitation 
[20, 44, 46]

Convenient, simple process, provides 
a large range of scale, can be highly 
selective and virtually quantitative

Precipitate can be contaminated 
easily, can spend a long time to 
digest, to filter, or to wash the 
precipitate

Impregnation [20, 
44, 45]

Fast process, the excess solvent is 
removed by drying easily and 
addition of active precursor into the 
porous carrier

Increasing the weight loading results 
usually in lower solution pH, 
carrying out support disruption and 
substitution of ions into the support 
lattice

Sol–gel [20] Allows control of the textural 
properties, homogeneity, and 
chemical composition

Synthesis more complicated that 
requires greater energy expenditure

Chemical vapor 
deposition [20]

Fine-tuning of the pore size and using 
low-pressure conditions to allow 
direct deposition of the active 
material onto catalyst material

Surface poisoning, dissolution, and 
mainly redistribution of the active 
material during activation of the 
solid

Complexation 
[20]

The use of organic molecules with 
several chemical functionalities is 
important for formation of the 
three-dimensional network during the 
sol–gel step

The removal of the organic 
ingredient is very important during 
the catalysis activation

Crystallization 
[20]

Simple process and excellent purity 
obtained after the crystalline growth

Variation of temperature can cause 
instability and difficulty to the 
growth of the crystalline structure

Hydrothermal 
treatment [20, 49]

Low cost and simplicity of operation Large amount of energy expended to 
produce a little sample

Ion exchange [20, 
44]

Able to modify the size and way until 
achieving the internal pores

It is a prerequisite to keep the charge 
compensating ions for stability of 
the crystalline structure
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Over the last two decades, the INTs have opened innovative research direction as 
a challenge for synthesis of new catalytic materials. The most used methods to pro-
duce INTs for catalytic applications are (1) the arc discharge and laser ablation, (2) 
sol–gel, (3) hydrothermal treatment, (4) assisted template method, and (5) electro-
chemical anodic oxidation. The main synthetic routes for INT production are sum-
marized in Table  2.2. As it can be seen, the metal dichalcogenides (e.g., MoS2, 
MoSe2, and WS2) can be easily fabricated through the arc discharge, laser ablation, 
as well as chemical reactions involving the stable oxides, such as MoO3 and WO3, 
upon heating [43]. The carbon nanotube template route is used to obtain INTs by 
adsorbing the precursors on the outer walls of CNTs and covering it with inorganic 
materials [51–53].

In case of the hydrothermal treatment method, it has been used for synthesizing 
nanotubes from several metal oxides such as SiO2, Al2O3, Na2Ti3O7·nH2O, V2O5, 
ZnO2, PbTiO3, and BaTiO3 [54–56].

The sol–gel method provides a new approach to the preparation of INTs, as for 
silica, TiO2, Ga2O3, and In2O3. Besides, the strategy based on the sol–gel route is 
that of the oxide gels in the presence of surfactants or suitable templates form nano-
tubes. The coating of the CNTs with oxide gels is performed and then burning off 
the carbon provides the formation of nanotubes and nanowires of a variety of metal 
oxides including ZrO2, SiO2, and MoO3 [54]. Another method is the layer-by-layer 

Fig. 2.4  Comparison of the structures of (a) graphite and inorganic layered compounds such as 
(b) NbS2/TaS2; (c) MoS2; and (d) BN.  In the layered dichalcogenides, the metal is in trigonal 
either prismatic (TaS2) or octahedral coordination (MoS2). (Reproduced with permission from ref. 
[43])
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(LBL) assembly of the precursors on CNT templates in combination with subse-
quent calcination that has been developed to prepare porous SnO2 and In2O3 nano-
tubes [57].

Furthermore, the sol–gel chemistry can also be used to obtain oxide nanotubes in 
the pores of alumina membranes. Through this method, MoS2 nanotubes are also 
synthesized by the decomposition of a precursor in the pores of an alumina mem-
brane [43, 55]. Also, cobalt, iron, nickel, and copper nanotubes have been synthe-
sized using polycarbonate membranes as templates [58].

The use of precursors via direct decomposition has been reported as a vastly 
applied method to obtain the disulfide nanotubes. The selenide nanotubes are 
obtained through H2Se reactions whereas the sulfide nanotubes are prepared from 
MoS3, WS3, NbS2, and HfS2. Both molybdenum and tungsten dichalcogenides can 
also be obtained through the decomposition of the precursor ammonium salt, such 
as (NH4)2MX4 (X = S, Se; M = Mo, W) [43]. The types of INTs produced by differ-
ent routes are summarized in Table 2.2.

Table 2.2  Types of INTs produced by different routes [64–69]

Type of 
nanotubes Synthetic strategy Refs.

Al2O3 (1) Chips were electropolished to anodization in a solution containing 
ethanol and HClO4

(2) H2SO4 was used in the first anodization step
(3) After the pulses in H2SO4 electrolyte, the remaining aluminum 
substrate was removed by wet chemical etching

[64]

CeO2 (1) K1.33Mn8O16 nanowires and Ce(NO3)3 were transferred into 
Teflon-lined, during hydrothermal treatment process
(2) Product was rinsed with ethanol and deionized water, and dried in 
air

[65]

PdCl2 (1) Aqueous PdCl2 was slowly added in solution containing Ag 
nanowires and NaCl, under vigorous stirring
(2) Product was washed with ethanol and water for removing AgCl and 
NaCl
(3) Finally, reminiscent Ag was removed with addition of H2O2 
solution

[66]

SiO2 (1) TEOS was added to the solution containing glycyldodecylamide 
(GDA) and ethanol and stirred at room temperature
(2) Product was washed with ethanol to remove the surfactant
(3) Aminopropyltriethoxylsilane (APTES) was added to a suspension 
of toluene-containing silica nanotubes
(4) Solution was heated under reflux

[67]

Na2Ti3O7·nH2O (1) TiO2 (rutile) was added in NaOH aqueous solution
(2) Mixture was placed into Nalgene flask during 20 h at 110 °C
(3) Product was treated with distilled water and then centrifuged to 
separate the powder (titanate nanotube)

[68]

MoS2 (1) Large-surface-area MoS2 atomic layers
(2) Synthesized on SiO2 substrates by chemical vapor deposition using 
MoO3 and S powders as the reactants

[69]
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The metal oxide nanotubes can also be prepared by the surfactant-assisted syn-
thesis combined with sulfidizing/selenidizing agent, with CdSe and CdS nanotubes 
being good examples of the use of such method [59]. Nanotubes of other oxides 
such as Er, Tm, Yb, and Lu have been prepared by the aforesaid template-mediated 
reactions using dodecyl sulfate assemblies [60].

Importantly, the transition metal halides, oxides, and nitrides in layered struc-
tures as well as GeO2 and GaN nanotubes are reported to be prepared by heating of 
their salt precursors in air to vanish the water of crystallization, with the heating 
under nitrogen flow being the final step to prepare the solids [59]. Moreover, nano-
tubes of both PbTiO3 and BaTiO3 can be better discussed elsewhere [61]. Boron 
nitride nanotubes have also been prepared by coprecipitation and annealing routes 
and striking an electric arc between HfB2 electrodes in nitrogen atmosphere as well 
[62, 63]. The polysiloxane nanotubes were synthesized via trifunctional organosi-
lanes, as reported elsewhere [63].

Similar morphologies of the INTs including nanowires, nanorings, nanowhis-
kers, nanofilaments, nanorods, and nanobelts have begun to emerge through the use 
of the abovementioned methods [43, 63].

Among the discussed methods of synthesis, hydrothermal treatment is attractive, 
since it allows the preparation by a simple route and is of low cost to design 
catalysts.

Numerous investigations have been reported to ascertain how the INT synthesis 
conditions affect their properties and thereby affect their catalytic performance. 
Therefore, suitable characterizations of the crystal and/or textural structure features 
of the INTs are essential in understanding their physicochemical properties. The 
conventional measurements by TEM, SEM, Raman and FTIR spectroscopy, XRD, 
TGA/DSC/DTA, and nitrogen physisorption isotherms give deep insight into the 
structure, texture, and surface morphologies of the synthesized INTs [49–51, 53–
63]. Other techniques such as temperature-programmed desorption of CO, CO2, or 
O2 (TPD); temperature-programmed reduction of hydrogen (H2-TPR); extended 
X-ray absorption fine structure (EXAFS); and X-ray photoelectron spectroscopy 
(XPS) give information on the reducibility, defects, and oxidation state of metal and 
oxygen elements of the INTs, which are indispensable properties to justify the effi-
ciency (inefficiency) of the catalysts in the reactions.

Despite the fact that INTs have not yet been applied in industry up to now and 
there is still a long way to walk on before their commercialization, the easy avail-
ability, their potential for extensive applications, and tuneable physicochemical 
properties make them bouncy materials for catalytic studies.

2.2.2.1  �Titanate Nanotubes: Preparation, Characterization, 
and Applications

Titanate nanotubes blossomed since the turn of the twentieth century led by pio-
neers such as Kasuga and coworkers [70, 71]. TNTs are 1D nanostructures consist-
ing of a layered structure with a hollow cavity (Fig.  2.5). The scrolling of an 
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exfoliated layered titanate nanosheet is formed in the nanotube structure through 
hydrothermal treatment by folding nanosheets [71]. According to the figure, there 
are two types of nanosheets that is to say, single-layer nanosheets, which are iso-
lated (100) planes of titanates (Fig.  2.5a), or multilayer nanosheets (Fig.  2.5b), 
which are several conjugated (100) planes of titanates [71]. Additionally, both types 
of nanosheets are very thin and could be found in both planar and curved shapes. 
The TNTs can be prepared by the sol–gel, hydrothermal treatment synthesis, anod-
ization, atomic layer deposition, template assisted, and supercritical media, provid-
ing access to the fabrication of morphologically diverse TiO2 nanomaterials 
[72–75].

The hydrothermal treatment of TiO2 is the simplest synthetic tool to obtain the 
TNTs with low cost and harnesses and requiring neither expensive apparatus nor 
special chemicals. The advantages of this technique are indeed enormous, since the 
TNT’s unusual morphology and unique physicochemical properties can be easily 
and flexibly controlled. The nanosheets are usually observed in the early stage of 
preparation of TNTs or as a small impurity in the final product obtained via the 
alkaline hydrothermal treatment [71]. Moreover, dimensions and morphology can 
be controlled by adjusting the temperature and pressure parameters as well as the 
alkaline concentration and synthesis time [76–78].

Many applications of the TNTs have burgeoned since then in photocatalysts, gas 
sensors, photoluminescence, dye-sensitized solar cells, electrochemical capacitors, 
water treatment, proton conduction, lithium inserting, hydrogen storage, catalysts 
or catalyst carriers, medicine, proton transport, and adsorbents. The TNTs have 
charted progress in these areas that have indeed become prosperous fields in the 
discovery of new TiO2-nanotube materials [49, 70–76, 79].

This likely pursues from the certain degree of porosity associated with the high 
surface areas of the solids in relation to the more straightforward understanding of 
the superior adsorption capacities and thereby catalytic properties of the TNT 
nanomaterials.

Fig. 2.5  Types of TNTs: 
(a) single-layer nanosheets 
and multilayer nanosheets 
(b)

D. C. de Carvalho et al.
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2.2.2.2  �Heterogeneous Catalysis Using Titanate Nanotubes

Titanium functionalities give redox and acid-base properties making the interac-
tions between the solid surface and hydrocarbons molecules easy. The structures 
derived from titanium functionalities are TiO2 in rutile or anatase phases and titanate 
nanotubes. The catalytic applications of TNTs date back over 15 years and the evo-
lution of the chemistry of the TNTs, until very recently, has been more gradual. 
Most of the studies on application of the titanate nanotubes in catalysis field are 
devoted towards their uses as catalysts or catalyst carriers.

As catalysts, the moderate acid-base property can be considered as one of the 
earlier attempts to use protonated titanate nanotubes in Friedel-Crafts alkylation of 
toluene with benzyl chloride, photocatalysis, hydroxyalkylation/alkylation of 
2-methylfuran and n-butanal from lignocelluloses, esterification, dye oxidation, and 
hydrolysis of 2-chloroethyl ethyl sulfide [71, 80–83]. Despite that highly active 
Lewis acid catalyst with active Brønsted acid sites is often found, the TNTs provide 
the drawback of being not reusable for several times. Also, they have a much lower 
catalytic activity than the traditional catalyst applied in title reactions.

The use of TNTs as catalyst carriers has been investigated for water gas shift 
reaction, reduction of methyl orange, Knoevenagel reaction, isomerization of allyl-
benzene polymerization of methyl methacrylate, Cannizzaro reaction, CO oxida-
tion, hydroformylation of vinyl acetate and phenol oxidation, NOx storage/reduction, 
and hydrotreating for ring opening of tetralin, among others [48, 64, 71–80, 84]. 
Some of them are depicted in Fig. 2.6. Another interesting feature is that the as-
synthesized titanate nanotubes can be in situ transformed into active centers for 
supported catalysts.

Thus, the unique physicochemical properties of TNTs seem to be imperative to 
attend these reactions. In this sense, TNT materials with remarkable catalytic per-
formance have been obtained by virtue of the intercalation of metal cations in TNTs 
and/or decoration of metal oxide nanoparticle procedures [71]. Thereby, the major-
ity of the studies reported on these reactions have demonstrated that the TNTs deco-
rated with CuO, La2O3, RuO2, NiO, ZnO, CeO2, NiO, MoOx, MnOx, Cs2O, and 
SnO2, doped with boron or nitrogen nanoparticles, have outstanding performance as 
acid-base catalysts. Indeed, insights into the redox ability of TNTs is displayed, 
when the nanotubes contain Fe2O3, ZnO, Au, Cr, As, Cd, Pd, Cu, Ce, Ru, Ni, and Pt 
[42, 80–83, 85–93].

It is quite necessary to study the physicochemical features of the TNTs and their 
effect on the reaction mechanisms. Though not addressed here, the disadvantages 
associated to deactivation of TNTs in the reaction media due to diverse aspects as 
pore blocking and/or coke formation are still in debate.

Of the applications available in catalysis, photocatalysis degradation of contami-
nants by TNTs has been widely investigated [71, 73, 94]. One remarkable advantage 
of the TNTs is the elevated photocatalytic activity over counterparts of TiO2 
nanoparticles. This is due to the shape-dependent structure of the TNTs associated 
with their high surface-to-volume ratio and superior physicochemical properties 
[95]. However, the usage of TNTs in photocatalytic applications suffers from intrin-
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sic disadvantages of photocorrosion, which greatly decreases their photoactivity 
and photostability.

Clearly, the methods for synthesizing TNTs need to be optimized to develop the 
technology for an active, selective, and stable catalyst and lastly a long-standing 
challenge for their commercialization successfully. It should be kept in mind that 
the capital cost savings can be gained through the preparation of large amounts of 
TNT catalysts. The environmental friendly aspect is another factor that limits the 
discarding needs of the industrial plants and also enhances the economic feasibility 
of these materials as heterogeneous catalysts.

2.2.3  �Transition Metal Carbides and Nitrides: General Aspects

TMC and TMN are known to be interstitial compounds where nonmetal atoms are 
located at big interstitial sites of the cubic and octahedral prismatic structure of met-
als. These materials follow Hägg’s rule which establishes that the formed structure 
depends on the atomic ratios of metal and nonmetal elements [96].

Photocatalysis

Phenol Oxidation

CO Oxidation

Hydroformylation of Vinyl Acetate

Titanate nanotube

CH2 CH3

CO2(g) +1/2O2(g)

 +H2(g) + CO(g) +

OH

O

O2(g)+

O

CO2(g)

H3C

O

O H3C

O

O
H3C

O
O

O

O

Fig. 2.6  Some reported catalytic reactions using TNTs
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Moreover, regarding structure and composition, it is important to mention that 
carbon and nitrogen form compounds with all transition metals except late metals of 
the second and third rows of the periodic table. TMC and TMN exhibit a variety of 
structures depending on metals involved, varying from fcc to hex and hcp. These 
structures are mainly determined by their electronic properties and their trends have 
been found to be similar to those found for metals by the Engel-Brewer theory [97, 
98]. Group 6 metals form structures similar to M2X (X = C, N), while groups 3–5 
form structures like MX. It is also notable that compounds formed with early transi-
tion metals show structures such as MX and M2X, but in the late transition metals 
the M3X and M4X stoichiometry prevailed (see Fig. 2.7). This increase in M/X ratio 
when moving to the right of the periodic table represents a C and N rejection of the 
metal and reflects a decrease in carbides and nitride stability in comparison to their 
parent metals [99].

The discovery of new phases with unique properties has permitted to use TMC 
and TMN in diverse areas, such as that reported by Yu et al. [99] in which an oxyni-
tride of V-Mo has more activity in the HDN of quinoline under industrial conditions 
than the pure V or Mo nitrides, or a conventional NiMoS catalyst.

Fig. 2.7  (a) Crystalline structures of TMC and TMN compounds.  (Blue) = Metal;  (Brown) = C o N. 
(b) TMC and TMN compound stoichiometry. Reproduced with permission of refs. [100–102]
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2.2.3.1  �Synthesis, Characterization, and Applications

Many methods have been developed for the synthesis of TMCs and TMNs, which 
can be used to obtain materials with different physical properties, such as high or 
low surface area. Also, bulk or supported materials can be prepared. For catalytic 
applications, usually high-surface-area materials are desirable, being prepared at 
moderate temperatures (see Table  2.3). Temperature-programmed reaction is a 
method that consists of the treatment of a precursor compound with a stream of 
reactive gas while increasing temperature uniformly (until around 700–800  °C). 
Oxides, sulfides, nitrides, or other compounds can be used as precursors in this 
method, while the reactive gas can be a mixture of a hydrocarbon (e.g., methane) 
and hydrogen in order to obtain carbides, and ammonia for obtaining nitrides. This 
reaction is usually carried out in a packed bed flow reactor with the precursor in the 
form of powder or pellets, using a program for temperature which enables to bal-
ance synthesis and sintering, giving products with high specific surface areas [25, 
103–106]. A better control of textural properties (surface area and pore size distri-
bution) and use of the active phase can be achieved by means of a support. Well-
dispersed phases of carbides and nitrides have successfully been prepared by 
impregnation method to obtain oxidic precursors (as it was described earlier in 
Sect. 2.2.2) and then applying the temperature-programmed reaction method [15, 
25, 103–107].

Table 2.3  Synthesis methods for obtaining TMCs and TMNs with low surface areas (adapted 
from ref. [108])

Reaction of metals or 
metallic compounds with 
reactive gases

Carbides M + 2C → MC + CO2 Cr3C2, Mo2C, 
TcC, Fe3C, Fe5C2, 
Co2C, Ni3C

Nitrides MO + NH3 → MN + H2O + 1/2H2 Mo2N, TiN, ZrN, 
HfN, VN, NbN, 
W2N

Decomposition of metal 
halide vapors

Carbides MCl + HxCy → MC + HCl + … TiC, TaC, HfC
Nitrides MCl + N2/H2 → MN + HCl + … TiN, VN, Re2N, 

Fe2N, Fe4N, Cu3N
Decomposition of metal 
compounds

Carbides W 
(CO)n + HxCy → WC + H2O + CO

HfC, VC, WC

Nitrides Ti (NR2)4 + NH3 → TiN + … TiN, Zr3N4

Temperature-programmed 
methods

Carbides MoO3 + CH4 + H2 → Mo2C + … Mo2C, MoC 1−x, 
WC, WC1−x, NbC

Nitrides WO3 + NH3 → W2 N + … Mo2N, MoN, VN
Utilization of high-surface-
area supports

Carbides Mo(CO)6/Al2O3 → Mo2C/Al2O3 Mo2C/Al2O3

Nitrides TiO2/SiO2 → TiN/SiO2 TiN/SiO2

Reaction between metal 
oxide vapor and solid carbon

Carbides M + C → MC Mo2C, W2C
Nitrides M + 1/2N2 → MN CoN, Ni3N2, TiN, 

LaN
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Furthermore, Volpe and Boudart [104] used the temperature-programmed reac-
tion method to transform MoO3 and WO3 with NH3 as a new path for the preparation 
of bulk Mo2N and W2N with high surface areas (220 and 91 m2/g, respectively). 
They revealed that this transformation is topotactic, since the (1 0 0) planes of Mo2N 
are parallel to (0 1 0) planes of the MoO3, resulting in platelets of a highly porous 
nitride that is pseudomorph of the MoO3. Later Boudart with Lee et al. [106] syn-
thesized Mo carbide with a mixture or CH4/H2, starting from bulk MoO3 and Mo2N, 
obtaining β-Mo2C (hcp; 50–100 m2/g) and α-MoC1−X (fcc; 200 m2/g). These materi-
als also exhibited pseudomorphism with precursors and topotactic changes. Later, 
Ramanathan and Oyama [109] prepared a series of Mo, W, V, Nb, and Ti carbides 
and nitrides by this method starting from metallic oxides and using CH4/H2 (20% 
v/v mixture) and NH3 (100%).

Extensive studies regarding synthesis condition effect over active sites of these 
materials were carried out by Nagai and coworkers [110–114]. Nitriding tempera-
ture variations conduct to a distribution of species γ-Mo2N, β-Mo2N0.78, metallic Mo 
and unreacted MoO2. Low temperatures lead to high amounts of γ-Mo2N. Increasing 
temperature promotes γ-Mo2N transformation to β-Mo2N0.78 and metallic Mo. Also, 
it was noticed that the gaseous environment used during cooling to room tempera-
ture may affect product properties, since catalysts cooled in NH3 resulted in a more 
active catalyst than that obtained when cooling with He. Surface properties of these 
materials are influenced by synthesis conditions [115], and it has to be taken into 
account that these materials are pyrophoric; thus, after their preparation, they must 
be passivated in a mixture that contains 1% or less of O2 with a noble gas [116].

TMC and TMN have many technological applications due to their great strength 
and stability; they have been used as tools and they can handle severe conditions of 
temperature and pressure (for example in rocket nozzles). Also, they can perform 
optical, electronic, and magnetic functions [117–120]. These materials have also 
been proven to be good catalysts for ammonia synthesis, hydrogenation, Fischer-
Tropsch, and reactions involving hydrogen adsorption, activation, and transfer, such 
as hydrotreatment reactions (HDN, HDS, and others) [104]. They have also been 
described to have similarities with noble metals and in some cases have resulted to 
be more active, selective, stable, and resistant to deactivation and poisoning [104].

Due to earlier described properties, they have been attracting attention in research 
and development for interesting applications in catalysis, electronics, and optics. In 
this chapter, specific applications as catalysts for hydrotreatment of model mole-
cules and crude oil are discussed.

2.2.3.2  �Applications as Catalysts for Hydrotreatment of Model Molecules 
and Crude Oil

Hydrotreatment is a process that involves different reactions and carries out the 
removal of S, N, and more, in the presence of hydrogen and an active catalyst. This 
process is widely used in the oil industry and other chemical processes. Recently, 
TMCs and TMNs have been considered as alternative catalysts for hydrotreatment 
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since they are highly active and also resistant to high contents of S and N in feed-
stocks [16, 121–126]. Some efforts have been made to understand the active sites 
responsible for this behavior, most of them based on hydrogen adsorption ability 
[127, 128]. Also, particle size and temperatures have been considered for several 
authors to be determining for the adsorption-activation-transfer of hydrogen and 
catalytic performance of Mo and W carbides and nitrides. Noteworthy, in contrast 
to conventional sulfide-based catalysts, researchers have found that TMCs and 
TMNs with lower surface areas (large particle sizes) could lead to more active cata-
lysts [122, 128]. Furimsky [116] discussed a mechanism proposed by Li and 
coworkers [129] for the adsorption activation and transfer of hydrogen over a sur-
face of Mo nitride (due to an extensive availability of data for nitrides in contrast to 
carbides). This mechanism is summarized in Fig. 2.8.

First, heterolytic dissociation occurs over sites with Mo-N pairs, where blue box 
represents N deficiency in a surface Mo atom. It should be noticed that these defi-
ciencies could be eliminated during passivation step and also be regenerated during 
reduction (or activation) with H2. According to Nagai and coworkers [112, 113] 
Mo2N prepared at high temperatures has low surface area and a high amount or 
N-deficient Mo atoms on the surface. In addition, Guerrero-Ruiz and colleagues 
[131] reported that hydrogen adsorption increases when particle size increases (and 
surface area decreases) in the same Mo nitride. On the other hand, high amount of 
surface Mo could lead to homolytic dissociation, obtaining Mo–H species, where 
hydrogen can be easily transferred to reactant molecules due to the low strength of 
the Mo–H bond. In this point, a migration of H into the subsurface and/or interstices 
can occur, motivated by the force of the N–H bond [122]. Similarly, this behavior 
could occur in the surface of Mo carbide since the bonding strengths of N–H and 
C–H are in the same range [132].

Fig. 2.8  Hydrogen activation and transfer over Mo nitride surface (adapted from refs. [116, 129, 
130])
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Moreover, TMC and TMN have shown interesting surface properties during 
hydrotreatment reactions, due to the presence (or formation) of H2S, which have led 
to a surface modification obtaining a so-called sulfo-carbided or sulfo-nitrided spe-
cies, showing good performances, as it was reported by several research groups [16, 
133–135]. Additionally, MoS2 slabs have been found in samples of passivated, pre-
sulfided and promoted carbides and nitrides as it was reported by Villasana et al. 
(see Figs. 2.9 and 2.10).

Scarcer information is available regarding the role of promoting metals in hydro-
gen adsorption, activation, and transfer over these materials. However, some studies 
have shown that promoted carbide and nitride catalysts have shown better perfor-
mances than un-promoted compounds [136–139].

Fig. 2.9  HRTEM images of NiMo carbide (Ni/(Ni + Mo) = 0.33) after presulfiding: (a) NiMo 
carbide particle and (b) MoS2 slabs coverage over NiMo carbide particle (reproduced from ref. 
[16])

Fig. 2.10  HRTEM images of NiMo nitride (Ni/(Ni + Mo) = 0.33) after presulfiding: (a) NiMo 
nitride particle, (b) MoS2 slabs in a particle agglomerate of particles in the NiMo nitride catalyst 
(reproduced from ref. [16])
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Support role in the catalytic activity of these materials has yet to be investigated 
and it could be compared to earlier reports of transition metal sulfides, in terms of 
hydrogen migration, as it has been compared as a hydrogen reservoir [140, 141].

In these sense, Villasana [142] sustained earlier proposals of Furimsky [116], by 
also suggesting that during passivation process a surface monolayer of transition 
metal carbides and nitrides could be oxidized, and later, being sulfided (during a 
presulfiding step), thus being converted into MoS2 and WS2, based on results of 
XRD, ECA, SEM, and HRTEM analysis, and also thiophene HDS and crude oil 
hydrotreatment tests [15, 16, 143, 144]. Hence, it could have a key role in the activa-
tion and transfer of hydrogen to reactant molecules such as thiophene (model mol-
ecule) or asphaltenes (real feed), considering that both C and N attract hydrogen to 
the inside of particles, due to earlier mentioned C–H and N–H bond strengths, 
which could serve as hydrogen reservoir and promote catalytic performance. This 
was corroborated by the results almost simultaneously reported by Oliveira et al. 
[145] in which experimental and theoretical methods revealed the occlusion of 
hydrogen inside the bulk of Mo carbide during synthesis and reactivity tests.

TMC and TMN have been proven during hydrotreatment of diesel, light and 
heavy gas oil, and medium and extra-heavy crude oil, also with Carabobo crude oil 
(Venezuelan extra-heavy crude oil) and Maya crude oil (medium crude oil) showing 
good performances. Earlier reports revealed interesting results related to residue 
conversion, change in asphaltene and resin content and nature, sulfur and metal 
content, viscosity, API gravity, apparently due to cracking, HDS, and hydrogenation 
over these materials [16, 107, 142–144, 146–148].

Finally, due to their easy and low-cost synthesis method, transition from conven-
tional catalysts to TMC and TMN catalysts could be done relatively quick, since 
they can be easily obtained by using common streams in the petrochemical industry 
(i.e., CH4, H2, and NH3) and will also be suitable in an already installed industrial 
structure, since they have shown to be stable during severe conditions as industrial 
processes demand [109].

2.3  �Summary and Conclusions

This chapter provides a summary of the synthesis of novel catalytic materials 
focused on titanate nanotubes and transition metal carbides and nitrides. Throughout 
the discussion, the primary objective has been to describe the forecasts and the 
method of synthesis to obtain innovative catalytic materials such as INTs, MOF, 
picnides, graphene, hierarchically porous materials, spinel oxides, hexaaluminates, 
composite oxides, and zeolites. The aims also included the aspects concerning the 
fundamental chemistry of precipitation, sol–gel, impregnation, and ion exchange, 
among other methods, for designing new catalytic materials. Among the INTs, spe-
cial attention was given to the titanate nanotubes, whose unique properties allow 
them to be applied in a variety of catalytic processes, e.g., polymerization, photo-
catalytic activity, anodization, Knoevenagel reaction, oxidations, reduction of 
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methyl orange, and acid-base and Cannizzaro reactions, and as as-synthesized 
catalysts or carriers. Also, the technical challenges of the synthesis that need to be 
overcome to enable the commercial deployment of future novel catalytic materials 
have been emphasized. Also, transition metal carbide and nitride synthesis, proper-
ties, and applications are discussed mainly focusing on their application in 
hydrotreatment reactions.

In conclusion, the consolidated methods of synthesis of catalytic materials are 
mature assessments, despite some remaining questions about the best method to 
develop the exact solid properties to attend the mechanism of a specific reaction. 
Interest in the use of inorganic “nanotubes,” TMC and TMN appears to be increas-
ing since these compounds are versatile as catalysts. Among the wide range of 
methods discussed for the TNTs, the hydrothermal treatment one is largely applied. 
Moreover, the TNTs are active selectives to the desired products and seem to have 
stability for some reactions due to their high specific surface area, redox and acid-
base properties, and ion-exchange capacities. Nevertheless, there are still limita-
tions in the industrial use of TNTs in catalytic process at severe conditions such as 
low recyclability, coking, and phase transformations. In order to overcome these 
drawbacks, efforts have been made in synthetic strategies based on the need to 
reduce total capital costs by developing processes with high product yields and 
conversions.

On the other hand, TMC and TMN are promising materials in the petroleum 
industry since they can accomplish several reactions over their non-fully understood 
active sites, and also some recent modifications of surface species (Mo and W sul-
fide slabs) and the incorporation of promoters (such as Fe, Ni, and Co) could 
enhance their performance in hydrotreating. This could lead to savings in operation 
and handling of heavy feedstocks in terms of time manageability, solvent consump-
tion, catalyst poisoning, deactivation avoiding, and more, but there is still much 
work to do in the understanding of reaction mechanism and their physical and 
chemical surface behavior during hydrotreatment.
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