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Abstract 
 

Catalysis is the process of enhancing the rate of transformation of chemical compounds into other products on selective 
catalysts. It is a fascinating technique utilized in the environmental and petrochemical industries. This review summarized the 
current progress in the oxidation of Volatile organic substances (VOCs), NOx reduction, dry and steam methane reforming, 
and the Fischer-Tropsch synthesis (FTs). The catalysts’ preparation techniques, characterizations and reaction mechanisms 
were underlined. This work identified primary causes of catalytic deactivation, such as carbon deposition, sulphur/alkali 
poisoning, adverse water effects and ways to improve catalytic performance in the phase of such negative effects. Over the 
past four years, publications on catalysis were found to be approximately 63%, 24%, 7%, and 26% for VOCs oxidation, NOx 
selective conversion, FTs, and methane reforming, respectively. Finally, future perspectives were highlighted, such as the 
doping of a catalyst with N, Br, and Si, to improve catalyst performance and the designing of characterization techniques such 
as Helium ion microscopy, Raman spectroscopy, and Electron energy loss spectroscopy to study the detailed properties of the 
catalyst. More research on developing a new catalyst to convert low-priced chemicals into high-demand chemical products, 
alkane to alkene, at low temperatures were also covered.  
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1. Introduction 

Catalysis is the process of enhancing the rate of chemical 

reaction that involves converting certain chemical compounds 

into other forms of products on selective catalysts. Catalysis is 

applied in various environmental and petrochemical fields, 

such as the oxidation of volatile organic compounds (VOCs), 

NOx reduction, methane reforming, and Fischer-Tropsch 

synthesis (FTs). 

Catalysis in VOCs requires lower temperatures (around 

150-500 °C) than conventional thermal oxidation processes 

(generally operate at 650-1100 °C).[1] Thus, fewer energy 

requirements and formation of negligible or non-amount of 

NOx in the combustion chamber. Hence, it would be 

considered an eco-friendly and cost-effective technology.[2] 

The complete catalytic oxidation of VOCs to carbon dioxide 

and water has been considered one of the most effective 

methods to abate VOCs to low concentrations and meet strict 

environmental regulations.[3,4] 

 

 

 

 

 

 

Several catalysts have been used for catalysis in VOCs 

oxidation, selective conversion, FT synthesis methane 

reforming. The commonly utilized catalysts are noble metals 

(Pt, Rh, Au, Pd, and Ag),[3-5-7] transition metal oxides (Ni, Cu, 

Co, Cr, Mn, Mo, V, Zn, Zr, Ce, Ti, and Fe) and their mixtures 

(e.g., MnOx-CuOx and MnOx-CeO2),[8,12] perovskites,[13,16] 

zeolites,[17,19] single-atom catalyst,[20,24] as shown in Fig. 1. 

Over the years, efforts have been made in catalysis by 

improving the catalytic properties of such catalysts through 

stability improvement. For example, Ru substituted in LaAlO3 

offers good thermal stability due to the strong interaction 

between Ru and Al during FTs.[ 2 5 , 2 8 ] In terms of catalyst 

doping.[ 2 8 , 2 9 ] the incorporation of Ni into MgAl2O4 spinel 

catalysts exhibited good catalytic performance towards dry 

reforming of CH4 with CO2 due to the presence of oxygen 

vacancy created by Ni in the spinel structure by the lattice 

distortion effect. Carabineiro et al.[2] doped Ce with Ln and Cu, 

and found that the following activity order for the Cu-free 

samples, regarding ethyl acetate (EtOAc) conversion, that 

CeO2 >> Ce0.5Pr0.5O1.75 > Ce0.5Sm0.5O1.75 > Ce0.5Gd0.5O1.75 > 

Ce0.5Nd0.5O1.75 > Ce0.5La0.5O1.75, showing the adverse effect of 

lanthanide-doping. Cu incorporation into the Ce and Ln oxides 

enhanced the catalyst's performance without affecting the 

activity. Moreover, the performance was asserted to be  
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Fig. 1 Illustration of an overview of catalysis, including different types of catalysts, their synthesis methods, and applications. 

 

Cu/CeO2 and Cu/Ce0.5Pr0.5O1.75, and both samples presented 

complete EtOAc conversion at ≈290 °C. 

To study the loading effect for improving catalytic 

activity,[30,33] Tian’s group introduced Mn into Co3O4 and then 

introduced Cu using a PSE-CVD synthesis technique to 

control VOCs efficiently. The results show a great activity 

toward a complete reduction of C2H2 and C3H6 at low 

temperatures, and no CO was formed during the oxidation 

process. The result confirmed that the copper-based ceria 

catalyst was highly active at 240 °C for the dehydrogenation 

reaction, with 93% conversion and 98% selectivity.[34] Ayodele 

et al. have found nanocluster PtCu as a promising catalyst for 

C2H2 conversion into C2H4; the allowing of Pt with Cu was 

responsible for the high selectivity of C2H4 (⁓ 98%).[35] 

Regarding the effect of loading ratio during dry reforming of 

methane, Ni loading for the methane dry reforming over 

Ni/Ce0.62Zr0.38O2 catalysts prepared via incipient wetness 

impregnation with various loadings of nickel (2, 4, and 10 

wt%.) was found to exhibit high performance toward 

conversions of CO2 and CH4 with an optimum ratio H2/CO = 

1 from the catalysts with the 10 wt%. Ni content.[36] 

Catalysis covers several areas of industrial applications 

like dehydrogenation of alkane to alkene, complete 

combustion of VOCs, NOx reduction, FTs (conversion of 

mixture CO and H2 into liquid hydrocarbon), and methane 

reforming (method of producing syngas through the reaction 

of CH4 and CO2).  

Despite much interest in catalysis, only limited reviews 

summarized what had been done so far in this field. Moreover, 

most studies focused on either reviewing catalytic oxidation,[37] 

selective catalytic reduction,[38] reforming,[39] or FTs.[40] To the 

best of our knowledge, there have been scarce literature 

reviews that comprehensively discuss all the aspects of 

catalysis. This review largely focused on the general overview 

of catalysis, catalyst characterization, and its application on 

complete abatement of VOCs, NOx selective conversion, FTs, 

and methane reforming. Catalytic deactivation by water, sulfur 

poisoning, alkali poisoning, and the strategies to overcome the 

shortcoming was discussed. Also, the kinetic mechanism for 

the oxidation of VOCs, selective catalytic reduction of NOx, 

reforming, and FTs synthesis was explored. 

 

2. Catalyst preparation techniques 

Practically all approaches involving chemical and physical 

transformations can be employed to prepare catalysts in 

catalysis. The techniques were divided into three categories: 

solid, liquid, and vapor-phase. The solid-phase preparation 

techniques include high temperature, flux growth, combustion, 

nitrate decomposition, MOF-derived (MOFs: Metal-organic 

frameworks), and pulsed laser methods. The liquid-phase 

preparation techniques involve sol-gel, hydrothermal, 

precipitation, micro-emulsion, microwave, electro-chemical, 

and high-temperature techniques. The vapor-phase 

preparation techniques consist of flame spray pyrolysis (FSP), 

pulse spray evaporation-chemical vapor deposition (PSE-

CVD), atomic layer deposition (ALD), magnetron sputtering, 

and plasma methods. Fig.2 presents the pictorial 

representation of the regrouped techniques. 
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Fig. 2 Different catalysts synthesis methods for preparation in catalysis. 

 

2.1.1 Liquid-phase method  

2.1.1.1 Impregnation  

Impregnation is a simple method of synthesizing a catalyst. 

This process involves the use of a certain volume of solution 

containing active metal precursors, mixed with catalyst 

support, and adsorbed the active metal onto the support 

through an ion-exchange/adsorption process. This method is 

attractive because of its technical simplicity, low costs, and 

few numbers of waste. Several nano-catalysts have been 

prepared for different applications such as: Pd/TiOx,[41] 

Ce0.5LnO and Cu/Ce0.5Ln0.5O1.75,[2] CoO/NC (nanocrystals),[42] 

Co2SiO4 and Co3O4,[43] Fe-SiO2,[44] Ru/CNT (carbon 

nanotube),[45] Co/SiO2,[46] 𝛾 -Al2O3,[47] Pt1@CeO2 (single 

atom),[20] Ni/MgO Al2O3,[48] CeO2-ZnAl2O4
[49] Ni-Ru,[50] 

Ni/La2O3,[51] Co2Ni/CeO2,[52] Ni@Al2O3/AlN,[53] La2O2CO3-

modified Ni/Al2O3,[54] Ag promoted Co/Al2O3,[55] N-GNS 

(Graphene Nanosheets) supported Co,[56] Ni-Si/ZrO2,[57] Cu,[58] 

CuO/CeO2,[59] Ag/SBA-15[60] (SBA: Santa barbara amorphous), 

Co3O4/Al2O3
[61] and Cu/CeO2.[62]  

 

2.1.1.2 Precipitation/ Co-precipitation 

Precipitation or co-precipitation is a traditional and widely 

used technique to prepare a nanoparticle as bulk or supported 

catalysts. This method combined aqueous phase metal salts 

and alkali solutions to produce an insoluble metal hydroxide. 

Metal hydroxides are precipitated from their precursor salt 

solution due to their low solubility. The coprecipitated catalyst 

undergoes washing, filtering, and drying, then calcined in a 

furnace. Co-precipitation can be used for simultaneous 

precipitation of more than one component. The main 

advantage of this process is to create a pure and homogeneous 

catalyst. Moreover, we can get nanoparticles, and single-atom 

catalysts using this technique for catalysis, such as 

Ce0.5Zr0.5O2,[63] CexZr1xO2,[64] Fe5C2 and Si/Ti,[65] Ni/MgO 

(single atom),[66] Ni1/CeO2,[12] Sandwiched 

SiO2@Ni@ZrO2,[67] CeO2/ZnAl2O4,[49] CeO2 (HSA (High 

surface area), LSA (Low surface area)),[68] Ni-Mg-Al,[69] Ni-

Mg/Al and Ni/MgO,[70] Ni/𝛾-Al2O3,[71] Pt/Al2O3,[72] Au/CeO2
[3] 

and TiSmMnOx.[73]  

 

2.1.1.3 Sol-gel 

The sol-gel is a wet method of catalyst preparation. This 

technique uses a suspended solid colloidal chemical particle to 

produce nano-sized particles. A sol-gel is a formation of semi-

rigid mass due to the evaporation of the solvent from the sol 

to form a continuous cross-linked network of particles. Steps 

in the sol-gel process involve the precursor molecules (organic 

or inorganic) →  Gel formation →  Drying process → 

Calcination → Then the formation of the desired catalyst. This 

method better controls the catalysts' pore volume, surface area, 

and pore size distribution. Many nanoparticle catalysts have 

been prepared using the sol-gel process: Fe/SMC (spherical 

mesoporous carbon),[74] Pd/La2O3-CeO2-Al2O3,[75] and 

MnOx/TiO2,[76] V2O5/TiO2
[77] Co3O4,[78] TiO2/SiO2

[79] and 

Ag/Co3O4.[80] 

The hydrothermal synthesis method is a chemical 

formation technique that produces a catalyst with a single 

crystal phase that depends on the solubility of precursors in 

hot water under high pressure. This method has the main 

advantage of creating a stable crystalline phase at the melting 

point. This method can control the materials’ nucleation and 

growth to obtain a high homogeneity catalyst to produce 
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several functional nanomaterials of transition-metal 

compounds, like oxides, hydroxides, and sulfides.[81] It relies 

on the hydrolysis of the reactants to produce the oxide 

ceramics. This is achieved at moderate temperatures (< 200 °C) 

and high pressures by placing the reagents in a sealed 

container and heating the system to the reaction temperatures. 

The solvent is mostly water; a metal hydroxide (e.g., NaOH) 

is added as a mineralizer, while mineral precursors serve as the 

source of metal ions. The particle growth results in a catalyst 

with a good particle-size dispersion.[82] Several catalysts have 

been prepared via this method: Ag (KCC-1, SBA-15, MCM-

41) 67, Mn-Ce/TiO2 68, Fe-based MOFs,[83] and CoO[84] (KCC: 

Potassium chloride cotransporter, , MCM: Mobil composition 

of matter). 

 

2.1.2 Vapor-phase method 

2.1.2.1 Pulse spray evaporation chemical vapour 

deposition (PSE-CVD) 

PSE-CVD is a facile, direct, and inexpensive technique for 

preparing continuous thin film oxides on various substrates 

without any after-treatment. It can produce films with high 

purity, uniform thickness, good coverage, negligible damage 

to the substrate, tuning growth in a selected area, and the 

increased possibility of using different precursors 

simultaneously. Co-Mn spinel[85] CoCuOx ,
[86] Co3O4 spinel,[87]  

α-Fe2O3@Fe3O4 composite,[88] Cu2O thin films,[89] Mn3O4,[90] 

and Cu-Fe-Co ternary oxides thin film [91] have been prepared 

for VOC abatement. Comparing those catalysts, in general, 

copper exhibits good catalytic performance. Still, Cu-Fe-Co 

ternary oxides thin film has proved to be an excellent and 

stable catalyst in catalysis to eliminate VOCs at lower 

temperatures.  

 

2.1.2.2 Magnetron sputtering  

Magnetron sputtering is a fast physical vapor deposition 

coating method for the deposition of thin films that consist of 

nanoparticles, metals, and ceramics on a substrate via a high-

energy magnetic field on a target material to coat a substrate 

thin film. Sputtering occurs if the energy transferred in the 

surface direction is far greater than the surface binding energy 

(estimated to be equal to sublimation heat). Sputtering of a 

target atom occurs because of ion bombardment of a surface. 

Aside from sputtering, another necessary process is the 

emission of electrons from the target surface. These electrons 

emitted from the target enable the glow discharge to be 

continuous.[92] The nanomaterials synthesized via this 

technique are Chromium-nano-diamond,[93] nanocrystalline 

Co3O4,[94] and Nano-grain NixCo3‑XO4 films.[95]  

 

2.1.3 Solid-phase method 

2.1.3.1 Flame spray pyrolysis (FSP) 

FSP is a fast and economical route to produce nanoparticles in 

a scalable, one-step manner by combusting organometallic 

precursors in a self-sustaining flame. Due to its ease of 

production and versatility, FSP has produced many materials 

for widespread material applications, such as sensors, paints, 

and catalysts. This method has been utilized to prepare 

catalysts with small particle sizes such as: SiO2/Ce0.7Zr0.5O2,[96] 

CuO-TiO2,[97] ZnS,[98] Pd/SiO2,[99] Cu/CexZr1-x (x= 0,0.25,0.50, 

0.75, 1),[100] CeO2 
[101] and Ce-Mn.[102]  

 

2.1.3.2 Pulsed laser deposition (PLD) 

PLD is a solid-phase physical vapor deposition technique that 

requires a high-energy laser beam to bombard the target 

reactant inside a vacuum. The material will then be vaporized 

from the target and deposited on a selected substrate. This 

technique has been used to prepare nanoparticles and thin-film 

catalysts for a long time. The following were some of the 

catalysts synthesized using this technique: Co nanoparticle 

embedded into Boron thin film catalyst,[103] CoFe2O4 thin 

films,[104] LiMn2O4 thin films,[105] Fe3O4 nanoparticles.[106]  

During the development of catalyst synthesis, the approach 

trends have varied from the low-temperature liquid phase to 

the high-temperature solid phase. Increasing numbers of 

methods are being reported, and several catalysts have been 

prepared. Tables 1-3 summarize the primary techniques 

reported to fabricate catalysts. Their overviews, advantages, 

and drawbacks have been listed for comparison. 

 

3. Characterization 

Different characterization methods have been employed to 

deeply understand the physico-mechanical properties such as 

morphology, crystalline phases, chemical composition, 

surface area, structural stability, and the pore structure of 

catalysts. Few among those techniques have been discussed in 

this review paper: X-Ray diffraction (XRD), Extended X-ray 

Adsorption Fine Structure (EXAFS), X-ray Absorption Near-

Edge Structure (XANES), Scanning electron microscopy 

(SEM-EDS), Transmission electron microscopy (TEM), X-

Ray photoelectron spectroscopy (XPS), Brunauer-Emmett-

Teller (BET), Hydrogen temperature-programmed reduction 

(H2-TPR), Infrared spectroscopy (FTIR), Thermogravimetric 

analysis (TGA) and DRIFTS (Diffuse reflectance infrared 

Fourier transform spectroscopy). 

 

3.1 Phase identification 

XRD analysis is used to analyze and identify the unknown 

crystalline compounds. The online standard database (JCPDS 

database) for the XRD pattern is used as standard for phase 

identification of various crystalline phases in a catalyst.[107] 

XRD is also employed to determine crystallinity and assess 

the phase purity of a material. For example, Tian et al. 

synthesized a pure MnO4 thin film (see Fig. 3). The prepared 

catalyst samples have a peaks diffraction at 29.05, 31.04, 32.5, 

36.08, 36.5, 44.3, 51.1, 53.91, 58.5, 60.1, and 64.7° which 

accurately matched with the crystallographic planes of 

tetragonal Mn3O4 (JCPDS No. 24-0734) structure. No peaks 

relating to other MnOx phases were detected, indicating the 

high purity of the final films.[90] XRD is utilized not only to 

identify the structural changes during the phase transformation  
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Table 1. Liquid phase method to prepare catalysts. 

Preparation 

method 
Overview/Features Advantages Drawbacks 

Impregnation 

Solid support, solvents, metal salts, filtered and 

dried solid substance, calcination at high 

temperature.  

Technically simple, inexpensive, and 

few numbers of wastes products. 

Controlling Particles 

size is a challenge, with 

high tendencies of 

masking the metal 

particle  

Precipitation 

Precursors (nitrate, chloride, acetate), solvents 

(distilled water, ethanol, cyclohexane), 

precipitant (NH4OH, NaOH) 

A fast and straightforward method of 

producing a purely homogeneous 

catalyst at a low cost  

Obtained nanoparticles 

depending on the pH, 

temperature, ionic 

strength properties, 

toxic liquid waste  

Sol-gel 
Sol solution, chelating agents, gel formation, 

calcination 

Nanoparticles, large scale, better 

catalyst control 

It is a time-consuming 

process 

Hydrothermal 

Single crystals catalyst, low temperature (< 300 
oC), high pressure. Solvent (distilled water), 

mineralizer (NaOH).  

Pure crystalline phase catalyst, control 

of the nucleation and growth of the 

catalyst, homogeneity, environmentally 

friendly and good dispersion in solution. 

Requirement for 

expensive autoclaves. 

Safety problem during 

the reaction process. 

 

Table 2. Vapor phase method to prepare catalysts. 

Preparation method Overview/Features Advantages Disadvantages 

PSE-CVD 

A reliable, fast method for the growth 

of complex oxides with controlled 

composition. It offers the potential to 

produce nano-scale layers of pure 

metals, metals carbides, and alloys and 

uses multiple precursors in a single 

liquid feedstock to grow functionally 

mixed oxides. 

It is a clean, direct, and 

economical technique for 

synthesizing thin-film oxides on 

various substrates without any 

treatment. It offers potential for 

producing films with high 

uniformity of thickness and 

tailored composition, high purity 

with a uniform coverage 

Low deposition rate, the 

chance of chemical hazards 

because of toxic, corrosive, 

and explosive precursors and 

gases. 

Magnetron sputtering 

It uses high energy magnetic field on a 

target material to coat a thin film of 

nanoparticles metals, and ceramics on 

a substrate 

High deposition rates, ease of 

sputtering any metal, 

alloy/compound, high purity 

films, very high adhesion of the 

films to the substrate, excellent 

surface coverage with uniform 

film thickness, a potential method 

to coat heat-sensitive substrates 

It is expensive, and the ring 

magnetic field used forces 

the secondary electrons to 

move around the ring 

magnetic field, plasma 

instability 

 

but also to check for the purity and improvement of the 

catalyst. 

Ren et al. also prepared a range of zinc-substituted 

hydroxyapatite (Zn-HA) compositions and evaluated the XRD 

patterns. The results show that the peak's broadness in XRD 

patterns increased, possibly because of the decreasing 

crystallinity as a function of the increment in zinc content (5-

20 mol% Zn). (As shown in Fig. 4).  

XRD also allowed identifying elements and analyzing 

nanoscale iron precursors isolated with a high degree of 

crystallinity (Figs. 5a and 5b). 

 

3.2 Structure 

EXAFS yields information about the interatomic distances, 

near-neighbour coordination numbers, and lattice dynamics. 

On the other hand, XANES gives information about the 

valence state, energy bandwidth, and bond angles. Yoshida et 

al. employed EXAFS and XANES analysis for the 

characterization of the rhodium (Rh) species loaded on the 

NTO (sodium hexatitanate (Na2Ti6O13)) for the steam 

reforming of methane.[110] Fig. 6 presents the Rh K-edge 

XANES, EXAFS, and the Fourier transformed EXAFS 

spectra of the Rh/NTO (50, 100) and Rh/NTO (100, 100) 

samples, as well as those of Rh2O3 powder and Rh foil as 

reference samples, before and after the photocatalytic reaction 

test. 

Chen et al. employed EXAFS and XANES to reveal the 

local structure of the Ag atom on the nanostructured hollandite  
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Table 3. Solid-phase method of catalysts preparation. 

Preparation method Overview/Features Advantages Disadvantages 

Flame spray 

pyrolysis 

It involves combusting an organometallic 

precursor in a self-sustaining flame to 

produce a nano-catalyst. 

The fast and economical route, 

nanoparticles, large scale, one-step 

process, suitable particle size, and high 

specific surface area. 

Not easy to scale up 

(yield is meagre), 

catalysts with high 

porosity (10-20 vol%), 

low density, and high 

oxides levels for metal 

deposits (10-20 wt%).  

Pulsed laser 

deposition 

The high-energy laser beam to bombard a 

target reactant, thin-film catalyst, the rate of 

the thin film growth can be controlled by 

changing background gas, adjusting the 

laser parameters, deposition time, and 

substrate to target distance. 

Flexibility in manufacturing high-grade 

coatings material for thermal and 

corrosion barriers, 

easier to obtain film stoichiometry for 

multi-element materials very short time 

frame deposition,  

Relatively expensive; the 

large kinetic energy, 

non- uniformity of the 

particle size across the 

surface of the film.  

 
Fig. 3 XRD patterns of Mn3O4 films (thickness of ∼300 nm, 

corresponding to JCPDS card No. 34-0734) deposited on silicon 

at different substrate temperatures. Reproduced with the 

permission from[90], Copyright 2013 American Chemical Society. 

 
Fig. 4 X-ray diffraction patterns of zinc-substituted 

hydroxyapatite (Zn-HA). Reproduced with the permission 

from[108], Copyright 2009 Acta Materialia Inc. 

 

manganese oxide (HMO) surface for benzene oxidation.[111] 

Figs. 7a and 7b illustrate the EXAFS data at the Ag K-edge 

and XANES spectra. The FT amplitude of the EXAFS 

spectrum of Ag1/HMO in 2.8-3.0 Å outstanding to the 

scattering between the Ag atoms is absent (Fig. 7a). This 

reveals the isolated states of the Ag atoms. The first two shells, 

with distances of ∼2.35 and ∼2.62 Å and coordination 

numbers of 4 and 1, involve that the isolated Ag atoms are 

anchored on HMO surfaces. XANES spectra in Fig. 7b show 

that their metallic states are retained when isolated Ag atoms 

are created on HMO surfaces. The absorption threshold energy 

(E0) of Ag1/HMO is ∼25514 eV, which is close to the E0 value 

of Ag foil and higher than E0 of Ag2O, confirming the presence 

of Agδ+ in Ag1/HMO (0 < δ < 1). 

 

3.2 Morphology and bulk composition 

SEM, TEM, and EDS are the techniques utilized to determine 

the morphology and bulk composition of the as-prepared 

catalysts for catalytic application. SEM uses a beam of 

focused electrons to examine the surface morphology and 

structural features of a nanomaterial. The focused electrons 

interact with the different atoms present at the surface of the 

catalyst material, producing various signals to image the 

information at the catalyst surface. For example, Fig. 8 

presents the SEM images of the-Fe2O3 thin film synthesized 

by Kouotou et al. at different temperature ranges. They 

employed the SEM analysis technique to observe the changes 

in the structure. From 300 °C to 400 °C, the images display 

small grains morphology embedded in the structure and are 

evenly closely packed octahedral shape with grains (~60 nm) 

composed of pallet shaped crystals overlaid on each other in 

detailed orientation. While at 450 °C, the film exhibits needle-

like structures, each of which could result from the 

incorporation and aggregation of small individual particles. 

The Authors reported that the significant changes of film 

morphology have been beneficial for the deep propene 

oxidation reaction. 

SEM coupled with EDS allowed the surface morphology  
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Fig. 5 Characterization of catalysts precursors and used catalysts: (a, b) experimentally obtained XRD patterns and k2-weighted 

Fourier transformed Fe K-edge EXAFS data of precursors; (c, d) XRD patterns of used catalysts under condition 1 and condition 2. 

Reproduced with the permission from[109], Copyright 2013 American Chemical Society. 

 

analysis and quantified the elemental composition (Fig. 9).  

Fig. 9a shows that the Cu/CeO2 material consists of 

agglomerates of lighter, larger particles (marked as Z1) and 

darker, more minor parts (marked as Z2). The more delicate 

parts correspond to Ce-rich areas Fig. 9b, whereas the darker 

ones to Cu-rich phases Fig. 9c. A closer detail is depicted in 

Fig. 9d, showing that the material has a “cloud-like” 

appearance. Closer details of Cu/Gd2O3 is demonstrated in Fig. 

9e, showing some features that resemble “desert-rose” petals. 

The same is observed in Fig. 9f, where distinct darker (Z1) and 

lighter (Z2) zones correspond to Cu-rich Fig. 9g and Gd-rich 

Fig. 9h phases, respectively.[58] 

Atomic resolution TEM is mainly used to study the 

detailed structural atomic-scale information of single-atom 

catalysts and the interactions between metals and supports. 

This technique is essential for understanding the reduced 

catalyst's catalytic performance and degradation mechanisms. 

As shown in Fig. 10, the SiO2@Ni@ZrO2 catalyst exhibits a 

core-shell structure. The surface of silica spheres is decorated 

with Ni nanoparticles, which have a size of 6 nm. The Ni 

nanoparticles decorated silica spheres are covered with porous 

ZrO2 shells. As shown in Figs. 10c–g, most Ni nanoparticles 

are incorporated between the silica core and zirconia shell. It 

is noted that a few Ni nanoparticles separated from the silica 

surface (Fig. 10d). By examining the region of separated Ni 

nanoparticles, both silica and zirconia are also present and 

encapsulate the Ni nanoparticles (Figs. 10c and 10e).[67] 

The microstructure of the catalysts can also be 

characterized by TEM. As shown in Fig. 11a, Fe-based nano-

polyhedrons with a diameter in the range of 30−40 nm were 

shown to be uniformly dispersed on the carbon carriers; also, 

the MOF derived Fe-based nano-polyhedrons show 

encapsulation by a few carbon layers (Fig. 11b), which is 

effective to inhibit the undesirable aggregation during the CO2 

conversion. The scanning TEM (STEM) and EDS mapping 

images of the used Na-Fe@C confirmed the homogeneous 

distribution of Fe-based nano-polyhedrons and Na on the 

substrate (Fig. 11c).[83] 

 
Fig. 6 Rh K-edge XANES (A), EXAFS (B), and Fourier transformed EXAFS (C) spectra of the Rh/NTO (50,−100) samples (a, b) 

and the Rh/NTO (100,−100) samples (c, d) before (a, c: solid lines) and after (b, d: broken lines) the photocatalytic reaction test, and 

those of Rh2O3 (e) and Rh foil (f) as the reference samples. Reproduced with the permission from[110] Copyright 2019 Elsevier B. V. 
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Fig. 7 (a) χ(R) k2-weighted FT EXAFS spectra of Ag1/HMO, Ag 

foil, and Ag2O. (b) Ag K-edge XANES spectra of Ag1/HMO, Ag 

foil, and Ag2O. Reproduced with the permission from[112], 

Copyright 2017 American Chemical Society. 

 

Fig. 12a shows the representative TEM image of the 

Pt1@CeO2 catalyst with ~0.5 wt% of Pt. The exhibition has a 

slab-like morphology with the size varying from ~15 to ~40 

nm, likely transformed from the porous nanospheres. The 

high-resolution HAADF-STEM images reveal that Pt is 

dispersed on the CeO2 nano-slabs at the atomic scale (Figs. 

12b-d). Individual Pt atoms are exhibited as bright dots with 

higher contrast in these images than the surrounding CeO2 

lattice (Figs. 12e and f). The slab-like nanocrystals exhibit  

 
Fig. 8 SEM images of a-Fe2O3 thin films coated on stainless steel 

at: (a and d) 350 °C, (b and e) 400 °C, and (c and f) 450 °C. 

Reproduced with the permission from[111], Copyright 2013 Royal 

Society Chemistry.

 
Fig. 9 SEM images Cu/REO samples: Cu/CeO2 (a) with respective EDS spectra of zones marked as Z1 (b) and Z2 (c) and a closer 

detail (d); Cu/Gd2O3 in closer detail (e) and a general view (f) with respective EDS spectra of zones Z1 (g) and Z2 (h). Reproduced 

with the permission from[58], Copyright 2016 Elsevier B.V. 
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Fig. 10 (a, b) TEM images and (c–g) EDX mapping of reduced SiO2@Ni@ZrO2 catalysts. Reproduced with the permission from[67], 

Copyright 2016 Elsevier B.V. 

 

lattice fringes with a spacing of ca. 0.31nm, which can be 

assigned to the (111) planes of CeO2 in the fluorite phase (Fig. 

12b).[20] 

 

3.3 Specific surface area 

An N2 desorption experiment carries out BET analysis to study 

the surface area of prepared catalysts and their effect on the 

catalytic application; for instance, Lasiripojana et al. used the 

BET analysis method to study the effect of calcination 

temperature on the surface area of the CeO2 catalyst for dry 

catalytic reforming of methane.[68] Their findings show that the 

surface area decreases with calcination temperature.  

Zhang et al. also employ BET analysis techniques to 

observe the cumulative effect of manganese oxides on 

titanium oxides on the surface area, pore volume, and pore size 

for coal combustion application using supported manganese 

oxides on titanium oxides.[76] It is observed that the 

introduction of manganese oxides greatly enlarged the surface 

areas due to MnOx being doped into the TiO2 structure. This 

occurrence provided additional nucleation sites and controlled 

the sintering and pore plugging of TiO2.  

 

3.4 Redox properties 

H2-TPR is usually used to observe the redox property of the 

catalysts. H2-TPR is a characterization technique to study the 

nature of catalyst reduction with temperature change. The H2-

TPR profiles shown in Fig. 13 reflect the reduction behavior 

of oxidized species of CoO catalysts with no prominent 

reductive peaks below 600 °C for OMSC4 compared with the 

CoO catalysts indicating the negligible catalytic effect on the 

support in Fischer Tropsch synthesis. The catalysts 

simultaneously present three reductive peaks. The two peaks 

at about 300 °C and 500 °C are assigned to the reduction from 

Co3O4 to CoO and CoO to Co, respectively.[43] 

 
Fig. 11 (a) TEM and (b) High-Resolution TEM (HRTEM) images of the used Na-Fe@C catalyst. (c) STEM image of the used Na-

Fe@C and the corresponding elemental mapping of iron (Fe), carbon (C), and sodium (Na) elements. Reproduced with the permission 

from[83], Copyright 2016 Elsevier B.V. 
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Fig. 12 Representative (a) TEM and (b-d) high-resolution HAADF-STEM images of the Pt1@CeO2 catalyst with 0.5 wt% of Pt. (e, 

f) Intensity profiles of the scans along the dash lines marked in (d). Reproduced with the permission from[20], Copyright 2016 Elsevier 

B.V. 

 

 
Fig. 13 H2-TPR Profiles of the as-prepared catalysts. Reproduced 

with the permission from[111], Copyright 2020 Dalian Institute of 

Chemical Physics, the Chinese Academy of Sciences. 

 

In 2014, Maitarad et al. employed the H2-TPR to study the 

effect of NiO on the reduction properties of CeO2 nanorods for 

the selective catalytic reduction of NO with NH3.[112] The H2-

TPR results of CeO2 and NiO/CeO2 nanorods are shown in Fig. 

14. In the temperature range of 350–600 °C, CeO2 nanorods 

show broad reduction peak profiles, which corresponds to the 

reduction of Ce4+ to Ce3+. Two distinct hydrogen-consumption 

peaks were identified when a small quantity of NiO was added 

to the CeO2 nanorods. The reduction of NiO nanoparticles and 

surface ceria nanorods are responsible for the significant peak 

at 307 °C. Another peak at 241°C is due to a decrease in 

adsorbed oxygen on the surface, which could be due to the 

short radius of Ni that can incorporate into the surface of the 

ceria nanorods. As a result, the H2-TPR peak profile clearly 

demonstrates that adding Ni to CeO2 nanorods lowers the 

temperature of their catalytic reducibility compared to pure 

CeO2 nanorods. This suggests that the interaction between 

nickel and cerium oxides is favored, resulting in improved NO 

conversion at lower temperatures. 

 
Fig. 14 Reducibility temperature of the NiO/CeO2 (blue line) and 

CeO2 (black line) nanorods by H2-TPR measurement. 

Reproduced with the permission from [112], Copyright 2020 

Dalian Institute of Chemical Physics, the Chinese Academy of 

Sciences. 

 
3.5 Elemental compositions and oxidation states 

XPS is also denoted as electron spectroscopy for chemical 

analysis (ESCA). It is a surface analysis technique that can 

measure the electronic state, elemental composition, chemical 

state, and empirical formula of the elements within the surface 

of a material. The XPS spectra work based on the 

bombardment of the solid surface with a beam of X-rays while 

at the same time measuring the kinetic energy of the emitted 

electrons from the top 1-10 nm of the material. 

To deeply understand the catalytic performance of Ni-

Si/ZrO2 and Ni-Zr/SiO, Wang et al. careful carried out an XPS 

analysis to gain an insight into which element plays a 

significant role during the reaction, especially investigated the 

state of Ni, Si, and Zr57 and the results are shown in Fig. 15. 

XPS measurements were carried out for the Cu/Ce1−xSmxOı 

samples to gain the surface and elemental state information.  
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Fig. 15 In situ XPS spectra of Ni-Si/ZrO2 and Ni-Zr/SiO catalysts after reduction at 450 °C with a mixed flow (F(H2) = F(Ar) = 30 

mL min-1) and reaction at 400 °C with a mixed flow (F(CH4) = F(CO2) = 30 mL min-1): (a) Ni2p, (c) Zr3d, (e) O1s, and (g) Si2p 

for Ni-Si/ZrO2 catalyst and (b) Ni2p, (d) Zr3d, (f) O1s, and (h) Si2p for Ni-Zr/SiO2 catalyst. Reproduced with the permission from[57], 

Copyright 2018 American Chemical Society. 

 

Fig. 16 depicts the XPS spectra in the Cu2p region for the 

catalysts with different Ce/Sm atomic ratios. All spectra are 

characterized by two main peaks of Cu2p1/2 (952.5–954 eV) 

and Cu2p3/2 (932.2–934.2 eV), along with shakeup satellite 

peaks centered at 942.2–944.9 eV. The Cu/CeO2 sample (x = 

0) is characterized by a Cu2p3/2 band at 934.1 eV, which can 

be ascribed to oxidized Cu2+ species. The latter is further 

confirmed by shake-up satellites at 944.5 eV, typical of Cu2+ 

species. At a Ce/Sm ratio of 3 (x = 0.25), the intensity of the 

Cu2p3/2 peak decreases, and no shift is found, implying a 

decrease of Cu2+ species on the surface of the 

Cu/Ce0.75Sm0.25O1.875 sample. When the Ce/Sm atomic ratio is 

1 (x = 0.5), both the band at high BE values (934.1 eV) and 

the shake-up peaks are attenuated, suggesting a smaller 

contribution of Cu2+ species to the overall intensity.[113] 

 

3.6 Thermal stability 

TGA is generally conducted on a powder catalyst sample to 

detect the changes in weight with temperature changes and 

measure thermal stability, moisture composition, oxidative 

stability, volatile content, kinetic decomposition, sample 

dehydration, and life span. Fig. 17 depicts TG curves for the  
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decomposition of MnO2 to Mn2O3. The M2 sample is still 

losing water moisture even at 800 °C due to the OH-groups in 

the oxide bulk.[114] 

 
Fig. 16 XPS Cu2p spectra of Cu/Ce1-xSmxOδ catalysts. 

Reproduced with the permission from[57], Copyright 2018 

American Chemical Society. 

 
Fig. 17 TGA curves for manganese oxides: (a) M1; (b) M2; (c) 

M3. Reproduced with the permission from[114], 2005 Elsevier B.V. 

 

Boudjeloud et al. have employed the TGA analysis 

technique to study the dehydration and degradation of 

respectively non-calcined Ni/Al and Ni-La/Al gels before 

calcination catalyst for steam reforming of methane,[115] as 

shown in Fig. 18. A total loss of 18.5wt% of the thermal 

degradation of Ni nitrates with the ratio Ni/Al was reported 

around three intervals temperature. The first decomposition 

step at a 25 to 189 °C temperature range is assigned to the 

degradation of Nickel nitrates leading to lower hydrates 

formation. The second loss, located from 189 to 382 °C, 

characterizes the nitrates degradation. At the last step over 

382 °C, the TGA profiles become steady, conducting to the 

formation of Ni oxide.  

 
Fig. 18 TGA curves of Ni/Al and Ni-La/Al samples.  Reproduced 

with the permission from[115], Copyright 2019 Hydrogen Energy 

Publications LLC. 

 

3.7 Mechanism information 

DRIFTS is an infrared spectroscopy sampling technique for 

powders materials. The infrared light is reflected and 

transmitted in varying amounts on a sample depending on the 

bulk properties. To get a more comprehensive evaluation of 

the atomic dispersion of Pt, Xie et al. used DRIFTS to examine 

Pt1@CeO2 Catalysts for direct methane conversion. Xie et al. 

have proved the DRIFTS approach to identify single Pt atoms 

on oxide supports.[116] Fig. 19 shows the adsorption spectra 

obtained on Pt1@CeO2 catalysts with varying Pt loadings 

(0.25, 0.5, and 1.0 wt%) and PtNPs/CeO2 (0.5 wt%), where 

CO was pre-adsorbed at different partial pressures. For the 

Pt1@CeO2 catalysts with 0.25 and 0.5% of Pt (Figs. 19a and 

b), only one peak was detected at 2089 cm-1, attributed to Pt+’s 

linearly bound CO (COL) on Pt+. Additional peaks at 1991 cm-

1 can be found in 1.0% Pt1@CeO2 (Fig. 19c) and PtNPs/CeO2 

(Fig. 19d), which can be attributed to bridge bonded CO (COB) 

on Pt, which is a common property of Pt ensembles with 

continuous surfaces. The lack of the COB peak demonstrates 

that Pt sites are isolated in Pt1@CeO2 catalysts at low Pt ratios 

(e.g., < 1%), whereas Pt clusters develop at larger loadings. 

Many researchers have used in situ DRIFTS in the past 

years to provide a possible reaction mechanism. Fan et al. 

have employed in situ DRIFTS to reveal the possible catalytic 

mechanism over the prepared CoOx VOCs oxidation.[117] As 

shown in Fig. 20, spectra recorded below 200 °C revealed a 

prominent C3H6 (913 cm-1) adsorption peak. As the 

temperature rises, the C3H6 adsorption peak tends to disappear, 

while the CO2 peak at 669 cm-1 gets stronger. This means that 

C3H6 is initially adsorbed on the CoOx catalyst’s surface, and 

the reaction rate of adsorbed C3H6 accelerates with 

temperature’s increment, and more CO2 is produced 

throughout the catalytic process. The adsorption peak of C3H6 

grows weaker, and the CO2 peak becomes stronger as the rate 

of C3H6 consumption and thus CO2 production increases. 

Adsorption of C3H6 on CoOx thin film was observed using in  
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Fig. 19 DRIFTS of CO chemisorption at different CO partial pressures on Pt1@CeO2 with various weight percentages of Pt: (a) 

0.25%, (b) 0.5%, and (c) 1.0%. (d) PtNPs/CeO2 (0.5 wt %) was also shown for comparison. Reproduced with the permission from[116], 

2018 American Chemical Society. 

 

 
Fig. 20 In situ DRIFTS spectra of CoOX prepared at 400 °C 

during C3H6 oxidation at different temperatures. Reproduced with 

the permission from[117], Copyright 2015 RSC Publishing. 

 

situ DRIFTS spectra, implying that the Langmuir-

Hinshelwood (L-H) mechanism precedes the catalytic reaction 

of C3H6 on CoOx. 

De Oliveira Rocha et al. have performed DRIFTS with CO 

(DRIFTS-CO) to investigate the effect of Au doping on 

Ni/Al2O3 catalysts during methane steam reforming.[118] An 

understanding of the modifications of a real Ni catalyst's 

surface structure following the addition of Au was revealed. 

DRIFTS-CO spectra for the xAuNiAl samples following CO 

exposure are presented in Fig. 21(A) 2200-1700 cm-1. After 

purging with N2 at 300 K, Fig. 21(B) displays the spectra. 

 

4. Reaction kinetics and mechanism  

4.1 DFT calculations 

DFT (Density functional theory) calculation is generally 

performed to predict the reaction pathway, the partial density 

of state, transition state, rate constant, detect the properties of 

a material, and confirm the experimental data to gain more 

insight into the material.  

For example, the performances of Single-site Catalysts 

(SSCs), and Ni/MgO (Fig. 22) for the methane reforming 

reaction was systemically studied by combining theoretical 

modeling and experimental studies. The DFT calculations in 

(Fig. 23) show that synergy between a single Ni atom and 

MgO in the SAC Ni1/MgO is not active due to the reaction 

intermediates’ weak bindings as that of MgO and the limited 

amount of adjacent active sites. It was confirmed by the 
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Fig. 21 DRIFTS-CO spectra of samples (a) NiAl, (b) 0.55AuNiAl, and (c) 1.2AuNiAl, at room temperature, after desorption (A) and 

after purging with N2 for 10 min (B). Reproduced with the permission from[118], Copyright 2019 Elsevier Ltd.

 

experimental data on the 2.5% Ni/MgO catalyst and a tiny Ni 

cluster atom. According to the KMC (Kinetic Monte Carlo) 

simulations (Fig. 23), the site confinement of SSCs Ni4/MgO 

helps balance the activations of CO2 and CH4, which is 

essential to achieving the yield and the H2/CO ratio and 

preventing poisoning of active sites during the dry reforming 

reaction.[66] 

Recently Qiu et al. utilized DFT calculations to solve the 

carbon deposition problem on the Ni catalyst for dry reforming 

of methane (DRM) via deposition of several proportions of Cu 

on Ni (111) surface, Cu1Ni8, and Cu6Ni3. They described that 

Cu doping into Ni (111) surface weakens the surface-adsorbate 

interaction and decreases the CH dissociation energy barrier. 

The Cu6Ni3 surface displayed the greatest carbon resistance 

since the C-H bond is more easily consumed via oxidation 

than direct dissociation[119] depicting that pure Ni (111) has the 

lowest energy of 1.3 eV, with the heat of reaction of 1.14 eV, 

signifying that CH is more likely to crack on the pure Ni (111) 

surface compared with Cu1Ni8 and Cu6Ni3 kinetically. The 

occurrence enlightens why adverse carbon deposition 

frequently occurs on Ni catalysts. The replacement of one Cu 

atom and six Cu atoms into the Ni (111) surface can increase 

the activation energy by 0.07 eV and 0.2 eV, respectively, 

indicating that the addition of Cu is kinetically unfavorable to 

this reaction, seen in Fig. 24.  

Maitarad et al. performed DFT calculations to evaluate the 

complete catalytic cycles of NO conversion on the Si single 

atom doped in four pyridine N at the divacancy site of 

graphene.[120] They found that SiN4G is more reactive to NO 

adsorption than CO and is unresponsive to the water effect.  

Adsorption energy (Ead) of different species was calculated 

using the equation below: 

𝐸𝑎𝑑 =  𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒−𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑐𝑜𝑚𝑝𝑙𝑒𝑥

− 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑖𝑠𝑜𝑙𝑎𝑡𝑒 − 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒

𝑖𝑠𝑜𝑙𝑎𝑡𝑒    (1) 

where 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒−𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑐𝑜𝑚𝑝𝑙𝑒𝑥

 , 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑖𝑠𝑜𝑙𝑎𝑡𝑒   and 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒

𝑖𝑠𝑜𝑙𝑎𝑡𝑒   are 

total energies of an adsorbate-substrate complex, a bare 

surface, and an isolated adsorbate, respectively.  

The adsorption strength of gas over SiN4G followed the 

calculated Ead values as: NO2 (-3.20 eV) > O2 (-2.96 eV) ≫ 

NO (-1.94 eV) ≫  N2O (-0.97 eV) >  CO (-0.66 eV) >  H2O

 
Fig. 22 Schematics of structures for single-atom Ni1/MgO (100) catalyst (a) and single-site Ni4/MgO (100) catalyst (b). Green: Mg; 

Red: O; Blue: Ni. Reproduced with the permission from[66], 2018 American Chemical Society. 
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Fig. 23 KMC-simulated surface matrix for the Ni4/MgO (100) with (a, c) and without site confinement (b, d) before (a, b) and during 

the DRM reaction at 700 °C and 1 atm with CO2:CH4 ratio of 1 (grey: MgO, blue: Ni, red: *O). Reproduced with the permission 

from[66], Copyright 2018 American Chemical Society. 

 

 
Fig. 24 The energy profile of carbon formation. Reproduced with 

the permission from[119], 2019 American Chemical Society.  

(-0.56 eV) > CO2 (-0.37 eV) > N2 (-0.17 eV). A negative Ead 

value indicates the attractive interaction between the surface 

and the adsorbate in the complex in terms of stability. The 

calculated Ead values of selected configurations and adsorption 

structures are given in Fig. 25. 

Pei et al. have carried out density functional theory 

calculations to present the difference in the IB-metal-alloyed 

Pd single atoms.[121] Their results (see Fig. 26) showed that 

electron transfer from Cu or Ag to Pd occurred when the Cu 

or Ag-alloyed Pd single-atom catalyst was formed. They 

negatively affected Pd atoms (-0.37e and -0.22e, respectively). 

Moreover, the electron might be transferred from Pd to Au in 

the Au-alloyed Pd single-atom catalyst. This was also 

following the order of their electronegativity: Au (2.54) > Pd 

(2.20) > Ag (1.93) ≈ Cu (1.90).  

 

4.2 Mechanism in catalysis 

4.2.1 Mechanisms of catalytic oxidation of VOCs  

To describe the reaction pathway in VOCs abatement, the 

following reaction mechanisms were proposed: 

• Mars-van Krevelen (MVK) mechanism; 

• Langmuir–Hinshelwood (L-H) mechanism; 

• Eley–Rideal (E-R) mechanism. 

(a) In the MVK mechanism, as shown in Fig. 27a, the VOC 

molecules react with the lattice oxygen on the catalyst surface 

to form the oxygen vacancies on the catalyst surface. Then, the 

reduced center was created by removing gaseous oxygen or  
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Fig. 25 Adsorbed species on the active site of SiN4G. The atomic distance is presented in Å. Reproduced with the permission from[120], 

Copyright 2020 Elsevier B. V. 

 

 
Fig. 26 DFT calculation results of electron states of isolated Pd 

atoms on alloying into Au (111), Ag (111), and Cu (111) surfaces. 

Reproduced with the permission from[121], Copyright 2017 

American Chemical Society. 

 

oxygen atoms from the bulk.[122,125] 

(b) In the L-H mechanism, as shown in Fig. 27b, the first step 

of the L-H mechanism is the oxygen and VOCs adsorption on 

the catalyst, followed by the redox process. Whether VOCs 

and oxygen adsorb on the same active sites, the L-H model can 

be divided into a single site L-H model and a dual-site L-H 

model.[126,128] 

(c) The E-R mechanism is demonstrated in Fig. 27c; the VOCs 

are oxidized in the gas phase with oxygen atoms adsorbed on 

the catalyst surface.[129, 130] 

Wu et al. performed DFT calculation to study the reduction of 

N2O on CaS (100) surface,[132] to analyze the sulphur effect, N2 

selectivity,[133] and N2O decomposition products on the CaO 

surface,[134] later studied the mechanism of SOx removal on 

N2O emission in CFB boiler.[135] The findings proposed the 

reaction N2O reduction pathway on the CaS (100) surface, 

displayed sulphur effects on the CaO deactivation, selectivity 

for N2O decomposition, and the SOx intermediate pathway 

(Fig. 28). 

4.2.2 Mechanism of selective conversion 

Fe and Cr doped (photocatalyst) on TiO2 for the benzene 

oxidation to phenol were studied under ambient conditions 

and solar illumination source and ultraviolet (UV) 

irradiation.[136] Incorporated Fe and Cr (Ti0.98Fe0.02O2) 

(Ti0.98Fe0.01Cr0.01O2) exhibited excellent catalytic activity and 

oxidation for benzene-to-phenol oxidation, which was 

attributed to the introduction of the Fe and Cr dopant into the 

TiO2 structure.  The conversion mechanism is shown in Fig. 

29 below. 

NO reduction and N2O formation mechanisms over 

Mn/SBA-15 and Fe-Mn/SBA-15 were investigated through in 

situ DRIFT studies and a quick reaction study (Fig. 30). The 

characteristic of the Fe-Mn/SBA-15 catalyst in terms of low 

acidity, high basicity, and strong oxidation contributed to the 

nitrate production during the reaction. The nitrate produced 

decreases the N2 selectivity due to the N2O formation. The 
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Fig. 27 Schematic diagrams of (a) MVK mechanism; (b) L-H mechanism; (c) E-R mechanism. Reproduced with the permission 

from[131], Copyright 2019 Elsevier B.V. 

 

mechanism of de-nitration on the Fe-Mn/SBA-15 catalyst 

followed Langmuir−Hinshelwood, Eley−Rideal, and 

Mars−van Krevelen mechanisms.[137] 

 

4.2.3 Mechanism of dry reforming  

For Ni/La2O3 catalysts, CH4 activation and dissociation occur 

on the Ni particle's surface to produce H2 and active carbon 

intermediate species. The adsorption of CO2 on La2O3 to form 

La2O2CO3 can react with adjacent carbonaceous intermediate 

species to produce CO and regenerate La2O3. (Fig. 31). In this, 

La2O2CO3 is used as an indicator to reflect the degree of active 

metal dispersion on La2O3 support. Good metal dispersion, 

La2O2CO3 eliminated coke.[138] 

 

4.2.4 Mechanism of Fischer-Tropsch synthesis 

Recently, Buchang Shi et al. studied the inverse isotope effect 

and deuterium enrichments in hydrocarbons in Fe catalyzed 

Fischer-Tropsch reaction.[139] They explained their result by an 

Alkylidene mechanism in which the building block 

(monomers) of the polymerization reaction is M ≡ CH. The 

growing chain is RCH = M. The formation of the C − C bond 

is through the reaction of M ≡ CH and RCH = M, producing a 

new growing chain RCH2CH = M (see Fig. 32). Detained 

calculations based on the alkylidene mechanism predict the 

deuterium enrichment, the function of carbon number. 

 

5. Applications 

Recently, a substantial number of research publications have 

been published in total conversion, selective NOx conversion, 

methane reforming (dry and steam reforming), FTs, and VOC 

oxidation, as illustrated in Fig 33. The charts showed a high 

amount of research works on methane reforming compared   

with other catalytic applications. Moreover, research on VOC 

oxidation shows a steady increase yearly as we can see that the 

number of publications considerably increased in 2021. 

 

 
Fig. 28 The ER route for CaO surface recovery (a) and LH route for CaO surface recovery (b). reproduced with the permission 

from[135], Copyright, 2015 Elsevier B.V. 
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Fig. 29 proposed the mechanism of photocatalytic benzene oxidation to phenol. Reproduced with the permission from[136], Copyright 

2018 Elsevier B.V. 

 

5.1 Complete VOCs abatement  

Catalytic oxidation of VOCs is a preferable method of 

reducing/abating VOCs at moderate temperature into harmless 

CO2 and H2O, compared to thermal incineration, which is 

expensive and requires a substantial energy input to destroy 

dilute gas phase containing VOCs at relatively high 

temperature (750 °C) and at the same time produce toxic by-

products to the environment.  

Recently, transition metal oxides catalysts have received 

increased attention in VOCs total abatement because of their 

superior thermal stability and lower cost than noble metal 

oxides, whose use is restricted due to their low stability, high 

cost, and proclivity for poisoning. Therefore, performance 

toward abatement of VOCs with TMOs can even compete 

with Noble metals due to the aforementioned properties. 

Several TMOs show highly effective catalysts consisting of 

single, binary and mixed oxides, such as manganese and cobalt 

oxides,[32-84-140-144] cerium based oxides,[9,145] copper-based 

oxides[32-146-148] lanthanum based oxides and lanthanum-based 

perovskites,[75-149-150] zeolite as catalyst and support[151,153] has 

been studied for VOCs abatement, and their results show high 

potential activity for CO and VOCs oxidation. Fig. 34 shows 

some selected catalysts that have been applied for VOCs’ 

complete abatement. 

 

5.2 Selective conversion in NOx reduction 

Selective catalytic reduction with NH3 (NH3-SCR) is an 

efficient method for the reduction of NOx in cars and industries. 

However, during SCR reactions, catalysts were deactivated by 

sulphur poisoning, water, and alkaline poisoning, especially at 

low-temperature operation, shifting the researcher’s attention 

toward low-temperature SCR with operational temperature 

below 250 °C. Therefore, resistance to H2O effects, SO2, and 

alkali poisoning at low temperatures have to be fulfilled to 

avoid damage to the morphology and structure of catalysts, 

leading to the deactivation of catalysts.  

 
Fig. 30 Low-temperature NH3-SCR reaction mechanism on Fe-Mn/SBA-15 catalyst. Reproduced with the permission from[137], 

Copyright 2018 American Chemical Society. 
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Fig. 31 Scheme of the catalyst models and reaction mechanisms in the DRM process. Reproduced with the permission from[138], 

Copyright 2019 Elsevier B.V. 

 

 
Fig. 32 Alkylidene Mechanism for Fe catalyzed Fischer-Tropsch Synthesis (A) CO/H2 as the syngas. Reproduced with the permission 

from [138], Copyright 2019 Elsevier B.V. 

 

Recently, Guo et al. developed a highly efficient and 

poison-resistant SCR catalyst via improving Mn-Eu catalyst 

with Fe. The catalyst maintained a high performance toward 

NO conversion and H2O resistance at low temperatures. This 

was attributed to the strong relationship among Mn, Eu, and 

Fe.[154] Jiang Haoxin et al.[155] also control the morphology of 

manganese oxides (MnOx) catalyst via the solvent-thermal 

method for low-temperature selective NOx conversion by 

revealing crystal faces of a-MnO2 nanorods. The exposed 

facets were found to impact catalyst activities significantly.  

 
Fig. 33 Number of publications on some selected catalytic applications for four years. 
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Fig. 34 Comparison of the catalysts used for complete abatement. 

 

The investigation of the metal poisoning toward NH3-SCR 

and the resistances of Cu-SSZ-13 to hydrothermal aging and 

alkali metal poisoning for selective catalytic reduction of NOx 

with NH3 was investigated, and the result revealed that the 

alkali metal loading of up to 0.50 mmol/gcat exhibited the 

highest resistance to alkali metal poisoning[156] (see Fig. 35). 

Li et al. doped Lanthanide perovskite catalysts with limited 

palladium and cerium using the sol-gel method to improve 

activity and sulphur resistance. In different B sites, lanthanide 

perovskites were studied for H2 selective catalytic reduction 

of NO. The activity sequence was found to follow this 

sequence: LaCeMnPd > LaCeCoPd > LaCeFePd. LaCeMnPd 

has a high NO conversion of 96.6% at only 150 °C. and high 

SO2 resistance in different SO2 concentrations.[157] 

Yamamoto et al. also investigated the effect of SO2 gas 

over a TiO2 photocatalyst in the presence of excess oxygen 

(photo-SCR). The induced SO2 at 300 ppm decreased the 

activity of the photo-SCR at 373 K. And, consequently, it 

increased the reaction temperature, favor the resistance to SO2 

and the catalyst activity toward NOx reduction.[158] A review 

by Han et al. summarised the deactivation effects, deactivation 

process, and the possible solution.[38] Fig. 36 resumes the 

deactivation processes caused by sulphur oxides (SOx). 

 

5.3 Propane-propene/alkenes/alcohols 

The process of catalytic dehydrogenation of propane into 

propene (ODHP) has attracted attention because propene 

constitutes an essential class of intermediates in the 

petrochemical industry. Due to the rapidly increasing demand 

for propene, oxidative dehydrogenation of propane has 

become a new route of propene production. However, this 

process suffers from a significant loss of propane selectivity 

 
Fig. 35 NH3-SCR performances of the fresh and alkali metal poisoned Cu-SSZ-13 catalysts. Reproduced with the permission form[156], 

Copyright 2017 Elsevier B.V. 

(a) (b)
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Fig. 36 Deactivation processes caused by SOx, alkali/heavy metal/P/HCl, or H2O and the corresponding strategies for improving the 

poisoning resistance and hydrothermal stability. Reproduced with the permission form[159], 2019 American Chemical Society. 

 

due to the over-oxidation of propane to carbon dioxide in the 

reaction. Many attempts were made toward addressing these 

drawbacks by replacing oxygen with soft oxidants, such as 

N2O and CO2. Among the catalyst used for propane 

dehydrogenation, Ga2O3 and Cr2O3-based catalysts proved to 

be more active and efficient for ODHP reaction.[160,165] They are 

also used to improve other catalyst materials’ catalytic 

performance.[166,175] Fig. 37 provides the tendency of some 

selected catalysts used to convert propane to propene. 

 

5.4 Dry Reforming  

Catalytic dry reforming of methane (DRM) is an effective and 

potential process to utilize CH4 and CO2 to produce a mixture  

of CO and H2 (syngas). As shown below, carbon dioxide is 

used as the oxidant instead of water as in steam reforming. 

CH4 + CO2 ↔ 2CO + 2H2                                 (2) 

The Syngas produced during the reaction above can be used 

as a feedstock for the Fischer–Tropsch synthesis to convert 

cleaner fuels, such as gasoline, methanol, dimethyl ether 

(DME), and gasoline. 

During dry reforming, there are many side reactions aside 

from water reverse water-gas shift (RWGS) reaction, like 

decomposition of methane and disproportionation reaction 

leading to catalyst deactivation at high temperature (eq. 4 & 5) 

H2 + CO2 ↔ H2O + CO reverse water-gas – shift (RWGS)(3) 

 
Fig. 37 Comparison of catalysts used for ODHP. 

Note: SBA refers to mesoporous silica materials; BN refers to Boron-Nitride; ZSM-5 and HZSM-48 refer to Zeolite Socony Mobil 

5 and 48, respectively. 
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CH4 ↔ 2H2 + C methane cracking/decomposition     (4) 

2CO ↔ C + CO2 Boudouard or CO disproportionation  (5) 

Therefore, to prevent the side reaction and to improve the 

DRM reaction, the choice of a catalyst with high resistance to 

carbon formation, improved stability, increased activity, and 

selectivity is essential. Zhang et al. reported that the high 

alkalinity of the supported catalyst on metal oxide (MO) 

prevents carbon deposition during DRM.[176] Li et al. also 

reported that Ru supported Mg-Al Oxides for DRM, revealing 

high catalytic, which could be linked to the strong basicity of 

the support with more available Ru surface atoms.[177] Hence, 

these lead to a significant number of researches on the the use 

of metals as primary support for reforming CH4 with CO2. 

Therefore, a better alternative to reduce the acidity in 

support is to use basic metal oxides to serve as adequate 

support, e.g. alkaline earth metal oxides.[178] According to the 

literature, transition metals such as Ni, Fe, Co, and Mn are 

more generally utilized as active metals in dry methane 

reforming than noble metals due to their low cost and 

availability. The promotion of a catalyst plays a vital role in 

reducing carbon deposition and improving dry reforming.[179] 

Gd-promoted Ni/Y2O3 catalyst has been reported to be active 

at high temperatures and to reduce the carbon deposition due 

to the dissociative adsorption of methane, which is associated 

to the basicity of the catalyst.[180] 

Since dry reforming (CO2 reforming of CH4) reaction 

operates at high temperatures, perovskite oxides (ABO3) could 

have an advantage since they are resistant to high thermal 

stability and carbon resistance.[181] e.g., single-phase 

La1−xBaxMnO3 perovskite catalyst shows high activity and 

selectivity toward CH4 and CO2 conversions with much-

reduced coke formation even at high temperatures by 

replacing La3+ by Br in LaMnO3 as single-phase 

La1−xBaxMnO3 perovskite. 

 

5.5 Fischer-Tropsch  

The Fischer-Tropsch synthesis is a polymerization technique 

that converts carbon sources into hydrocarbons chains (gas to 

liquid fuel) through the hydrogenation of carbon monoxide in 

the presence of a metal catalyst, as shown below. The carbon 

sources can be obtained through the gasification of coal and 

natural gas reforming.[182,183] 

CO + 2H2 → [CH2] + H2O ∆H = - 167, 4 kJ/mole CO  (6)                                            

where [CH2] is the monomer of the hydrocarbon molecules. 

Fischer-Tropsch reaction is a highly exothermic process that 

leads to catalyst deactivation via the Boudouard reaction. 

Therefore, excess heat needs to be reduced from this 

process.[182] 

 

5.5.1 Fischer Tropsch catalyst 

Since Fischer and Tropsch discovered gasoline synthesis in 

1926, Iron and cobalt have been used as catalysts in this 

process.[184] The most widely used catalyst are Iron, Cobalt, 

Ruthenium, and Nickel to polymerize syngas into 

hydrocarbon chains in this reaction pattern:  

nCO + (2n+1) H2 → CnH2n+2 + nH2O                    (7) 

During the reaction process, high temperature, sulphur 

contamination, and the presence of water contribute to the 

catalyst’s deactivation. For example, Iron is more susceptible 

to carbon cobalt and is more vulnerable to sulphur 

poisoning.[184]  

So, Iron is a better choice for CO-rich syngas such as coal 

or biomass and similarly a poor choice for H-rich syngas from 

natural gas due to its high resistance towards sulphur 

poisoning, and low selectivity of methane, high selectivity to 

WGS (water gas shift) activity, and low cost of Fe.[185] While 

cobalt-based FTs catalysts have advantages of superior 

catalyst stability, high yield towards linear hydrocarbons, low 

operating temperature, and low WGS activity.[186] 

 

5.5.2 Effects of water on FT synthesis 

The water influence on FT synthesis is of significant 

importance, particularly on cobalt, due to partial exhibiting of 

WGS activity and increasing the CO conversion and residence 

time and the partial water pressure. The water effect on cobalt 

catalysts for CO conversion is still debated. Several 

researchers investigated the impact and came up with results 

ranging from negative[187] to negligible[188] to even positive 

effect,[189] depending on the support and dispersion of the 

supported metal, which is controlled by the loading, 

preparation method, and pre-treatment process. 

On the other hand, iron-based catalysts exhibit higher 

selectivity to intrinsic water-gas shifts due to their ability to 

convert syngas with a lower H2/CO ratio, especially those 

derived from coal gasification. While cobalt catalysts display 

little effect on the water-gas-shift reaction. These 

controversies lead to more research on the impact of water on 

the activity, selectivity, and stability of cobalt catalysts and the 

chemical and structural changes of the catalyst. 

Davis et al.[189] reported that water negatively affected the 

CO conversion on Co/TiO2 and Pt promoted Co/Al2O3 

catalysts. Bertole et al. investigated the effect of water on the 

cobalt catalyst for Fischer–Tropsch synthesis. They found that 

water co-feeding had a negligible impact on CO conversion 

even at a few bars of syngas pressures.  

A study on the effect of water on FTs over supported cobalt 

catalysts by Storsæter et al. reported that the water effect on 

the selectivity and activity show a different behavior, 

according to the type of support: For the Al2O3-supported 

catalysts, the activity was almost unchanged as the conversion 

was increased, whereas the addition of external water 

deactivated the catalysts. The deactivation observed was more 

significant at higher water partial pressures and only partly 

reversible after removing the water. The addition of water 

resulted in more significant deactivation for the Re-promoted 

catalyst.[190] 

Pendyala et al.[191] investigated the effect of water on the 

performance of potassium promoted iron catalyst for FTs 

using a continuously stirred tank reactor (CSTR) at two 
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different reaction temperatures; they observed that the water added has a positive effect on CO conversion at 270°C 

whereas for the reaction carried out at 230°C the added water 

decreased CO conversion and deactivated the catalyst. It was 

concluded that the addition of water at 230°C oxidized the 

catalyst by transforming the iron carbide into the Fe3O4 phase. 

But severe oxidization did not occur as the carbide phase was 

retained at 270 °C. The loss inactivity and deactivation rate 

were more pronounced at 230°C compared to the 270 °C 

conditions for the same catalyst. The effect of water on CO 

conversion for potassium promoted iron catalyst carried out at 

230°C is shown in Figs. 38(a) and 38(b). 

 

5.5.3 Effect of support, promoters, and loading on FTs 

catalyst 

Catalytic modifiers or promoters can influence the activity or 

the selectivity of catalysts, either through structural 

modification, chemical or electrostatic interaction with the 

catalytically active material. Roh H. et al. [192] reported a study 

on the effect of zirconia loading on alumina-supported cobalt 

promoted for FTs-catalysts; the catalysts show higher 

activities and improved selectivity to higher hydrocarbons in 

CO hydrogenation with the increase in zirconia loading.  

A doped Co–Re/γ-Al2O3 catalyst was impregnated with 

alkaline earth elements (Li, Na, K, and Ca) ranging from 25 to 

20 000-ppm. The results revealed that adding alkaline earth 

metals of up to 1000 ppm to Co–Re/γ-Al2O3 catalyst has no 

effect on H2 chemisorption but rather reduces the site yields.[193] 

Miller et al. also obtained similar results while evaluating the 

impact of pre-treatment of potassium addition on supported 

iron catalysts for the Fischer-Tropsch reaction (Fig. 39).[194]  

The effects of [Fe]/[Mn] molar ratios, promoters, loading 

of the optimal promoter, and calcination conditions on the 

catalytic performance of iron–manganese catalysts for the FTs 

were investigated. It was found that the 50%Fe/50%Mn 

catalyst was promoted with 6 wt.% K is an optimal catalyst for 

converting synthesis gas to hydrocarbons, exceptionally light 

olefins.[195] 

Supported cobalt is considered the most favorable catalytic 

material for synthesizing long-chain hydrocarbons from 

natural gas-based synthesis gas because of its high activity, 

high selectivity for linear paraffin, and low water-gas shift 

activity, and low price compared to noble metals. The 

Commonly used supports for Fischer-Tropsch catalysts 

include alumina, silica, and Titania.[196] It has been observed 

that the promotion of alumina-supported Co-containing 

catalysts by adding specific amounts of Pt leads to an increase 

in the formation of high molecular-weight hydrocarbons.[197] 

Effects of Mo loading and carbons on activity, stability, and 

selectivity to hydrocarbons and alcohols during FTs over Fe-

Mo-Cu-K/AC catalysts also reveal that Mo promoter improves 

catalyst stability, which may be attributed to Mo inhibiting 

iron particle agglomeration during the FTs reaction.[198] 

The addition of small amounts of rhenium to a 15% 

Co/Al2O3 catalyst decreased cobalt oxide’s reduction 

temperature. Still, there is no significant change in the 

percentage dispersion and cluster size based on the quantity of 

reduced cobalt.[199] The addition of rhenium increases the 

percentage reduction of cobalt and increases the initial activity, 

as shown in Fig. 40. 

 
Fig. 38 (a) Effect of water on CO conversion for potassium promoted iron catalyst at 230 °C (T=230 °C P = 13 atm (1.31 MPa), 

H2/CO= 0.7, SV = 6 SL/g Fe/h). (b)Effect of water on CO conversion for potassium promoted iron catalyst at higher conversion level. 

(T=230 °C, P = 13 atm (1.31 MPa), H2/CO= 0.7, SV = 2 SL/g Fe/h). Reproduced with the permission form[191], Copyright 2010, 

Springer Science Business Media, LLC. 

(a) (b)
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Fig. 39 Site time yield plotted against mol impurities/Co surface 

sites for all catalysts containing 1000 ppm or less impurity. 

Reproduced with the permission form[193], Copyright 2013 

Elsevier B. V. 

 
Fig. 40 Deactivation profile of 1.0% Re–15% Co/Al2O3 catalyst, 

temperature=493 K, pressure=19.7 atm, H2/CO=2:1, start-up 

solvent=Polywax-3000. Reproduced with the permission 

form[199], Copyright 2002 Elsevier Science Ltd. 

 
6. Conclusion and perspectives 

Catalysis is the process that transforms chemical species into 

other products by altering the pathway to increase the yield 

using selective catalysts. It is a technique utilized by several 

petrochemical industries to increase/decrease the production 

process and environmental pollutant control, such as VOCs 

and NOx, at low temperatures. This review paper provides a 

comprehensive overview of catalyst preparation, 

characterization, and application to complete abatement of 

VOCs, selective conversion, FTs, and methane reforming. 

Several preparation techniques for catalysts such as 

impregnation, precipitation/co-precipitation, sol-gel, PSE-

CVD, hydrothermal, and flame spray pyrolysis to synthesize 

noble metal oxides, transition metal oxides, a single atom, 

perovskite, and zeolite have been reviewed in this work. 

Various characterization techniques were highlighted to 

identify the crystalline phases, morphology, microstructure, 

chemical composition, surface area, structure stability, and the 

pore structure of different catalysts. The details on how water 

affects catalytic performance, sulphur poisoning, alkali 

poisoning, and the success of overcoming such drawbacks 

have been discussed. Despite many studies on catalyst 

preparations methods, characterization techniques, and 

applications of catalysts, more future research strategies are 

expected toward:  

(a) The enrichment of the catalyst family with new synthesis 

and characterization techniques like Helium ion 

microscopy (HIM) and Electron energy loss spectroscopy 

(EELS). 

(b) Designing more stable, selective, and cost-effective 

catalysts will efficiently remove a significant number of 

VOCs. 

(c)  Developing highly active transition metal oxides 

catalysts for VOC oxidation at low temperature.  

(d)  Effect of water vapor adsorption on the catalyst surface 

at low temperature.  

(e) The mixture of VOCs with SOx and NOx to simulate the 

absolute VOC emission control.  

(f) MnOx as catalyst support for FT synthesis and methane 

reforming due to sulphur and water-resistant effect. 

(g) Synthesis of single-atom catalysts for Fischer-Tropsch 

synthesis and steam methane reforming.  

(h) Studies on the conversion of low-cost industrial by-

products to high demand chemical products like 

dehydrogenation of ethane to ethylene and propane to 

propene 

(i) Studies on reaction route control to reduce secondary 

reaction intermediate to achieve the desired product. 
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