
Aymen F. Zwain et al.,         J.Chem.Soc.Pak., Vol. 47, No. 01, 2025   66 REVIEW 

A Brief Review of the Latest Developments in  

Hydro-Desulfurization Catalysts Based on Transition Metal Sulfides for the    

Generation of Diesel with an Extremely Low Level of Sulfur Content 
 

Aymen F. Zwain*, Zaidoon M. Shakor and Bashir Y. Al-Zaidi 

Chemical Engineering Department, University of Technology, Baghdad, Iraq. 
aymenpetro81@gmail.com* 

 

(Received on 28th December 2023, accepted in revised form 19th September 2024) 
 

Summary: This review paper examines the efficiency of hydro-desulfurization catalysts in removing 

sulfur compounds from fuels. Specifically, the focus is on bi- and tri-metallic catalysts based on 

transition metal sulfides (TMS), such as Ni/Co-promoted Mo and W, which effectively eliminate 

sulfur from challenging compounds present in fuels. The paper is divided into three main sections, 

each addressing the production of diesel fuel with extremely low sulfur levels using these catalysts. 

The first section discusses supported catalysts, followed by self-supported or unsupported catalysts, 

and concludes with a brief overview of theoretical studies. Various factors that can affect the sulfur 

removal capacity of these catalysts are explored, including the influence of the support material, the 

use of inorganic and organic additives, and the preparation methods for unsupported catalysts. Based 

on the review, it is concluded that new experimental and theoretical approaches are necessary to 

enhance the hydro-desulfurization effectiveness of both supported and unsupported transition metal 

sulfide catalysts. These advancements are essential to meet the increasingly stringent regulations 

anticipated for ultra-low sulfur fuels in the future. 
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Introduction 
 

The refining processes involved in purifying 

petroleum products have experienced a substantial 

increase in production volume due to the continuously 

rising global fuel consumption. It is projected that 

gasoline consumption will grow by nearly 1% annually, 

while the demand for ultra-low sulfur diesel is expected 

to increase at a rate closer to 2% per year [1, 2]. To meet 
the expanding fuel demand, refineries are required to 

handle heavier feeds-tocks derived from petroleum 

fractions. However, processing these heavier oils 

presents a complex challenge as it necessitates the 

application of higher temperature and pressure to 

effectively remove sulfur from refractory components 

[2]. Furthermore, the environmental regulations have 

been adjusted to reach historically lower levels [3], with 

Europe and the USA imposing increasingly stringent 

limits on sulfur content in gasoline and diesel. These 

limits now typically range from 10 to 50 ppm [4]. In 
addition, there is a global push to achieve "zero sulfur" 

emissions in the near future [5-7]. The significant 

reduction in sulfur compounds within diesel and gasoline 

specifications has led to advancements in more efficient 

catalysts that can selectively target specific reactions [8]. 

However, the available information on hydro-

desulfurization (HDS) processes and associated catalysts 

mainly focuses on sulfur removal from lighter petroleum 

cuts, posing a challenge when aiming for optimal results 

with heavier feed-stocks. Crude oil sulfur content varies 

considerably across countries and regions, ranging from 

0.10 wt. % for Northern African and Indonesian oil [9] to 

6.0 wt. %, as recently recorded for heavy crude oil in 

Mexican Altamira [10]. Additionally, as global reserves 

of light crude oil decline, the use of high sulfur heavier 

oils is becoming more prevalent, as depicted in Figure 1. 

This emerging demand to process heavier petroleum cuts 

is currently driving both re-refineries and academic 

researchers. 

 
 

Fig. 1: Effects of extremely lower sulfur gas oil 

producing. 
 

Processing heavy fractions poses notable 

operational and economic challenges for refineries, 

primarily because they lack the necessary equipment to 

handle them [5]. These fractions comprise a more 

extensive and intricate range of sulfur compounds 

compared to those typically processed by current HDS 

units. Previously, a single unit could produce diesel fuel, 
but now the same unit must produce ultra-low sulfur 

diesel with less than 10 ppm sulfur content, all while 

maintaining production levels and achieving an 
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improvement in the American Institute of Physics (API) 

rating for the diesel product [11-13]. To meet these 

present and future sulfur content limits, highly active 

catalysts are necessary to selectively remove sulfur from 

alkyl-substituted di-benzo-thiophene (DBT), like 4,6 
dimethyl DBT (4,6-DM-DBT), 4-methyl 6-ethyl DBT 

(4M,6E-DBT), 4,6 dibutyl DBT (4,6-DP-DBT), and 4,6 

dipropyl DBT (4,6-DP-DBT), which are refractory 

compounds [5,14]. 
 

It can be difficult to remove sulfur from 

compounds that have steric hindrance, as polyaromatics 

and nitrogen-containing compounds can hinder the 

process [15]. Overcoming these difficulties involves 

raising the pressure and temperature conditions in the 
HDS units. However, this can lead to further 

complications, such as the gradual deterioration of 

catalyst stability over time, caused by the separation of 

active phases and the formation of coke deposits [16]. 

There are alternative methods available to tackle the 

challenge of processing heavy fractions, such as 

renovating or constructing new hydro-treating units. 

However, these options can be costly [5]. For example, if 

an HDS unit designed and established in the 1990s for 

producing gas oil with a sulfur content of 1500 to 350 

ppm needs to be upgraded to produce ultra-low sulfur 
diesel with less than 10 ppm sulfur and achieve an 

increasing API in the diesel cut, a revamp would be 

necessary. According to the Environmental Protection 

Agency, the cost of installing a modern HDS unit at a 

refinery to produce ultra-low sulfur diesel with a sulfur 

content of 15 ppm or less is estimated to be twice the cost 

of producing low sulfur diesel with a sulfur content of 

500 ppm [17, 18]. 
 

The extensive body of literature on hydro-
desulfurization catalysts for ultra-low sulfur diesel 

production encompasses diverse research approaches 

pursued by specific investigation groups [19]. 

Researchers have utilized advanced techniques to 

investigate the structure, surface area, dispersal state, 

promotion state, morphology state, and activity of 

catalysts involved in the hydro-desulfurization process 

[19,20]. While it is difficult to categorize all the relevant 

literature, this review will be organized into three main 

categories: catalysts with supports, non-supported 

catalysts, and theoretical studies. Our review primarily 
focuses on the preparation of catalysts for diesel hydro-

desulfurization, encompassing both non-supported and 

supported catalysts. These catalysts are designed to 

reduce the presence of sulfur compounds in diesel and 

produce a purified gasoil fraction. The objective of these 

methods is to decrease sulfur quantity in the diesel cut 

and/or modify the properties of sulfur compounds to 

facilitate their removal, while also maintaining a 

desirable octane number for the diesel. However, it is 

crucial to strike a balance between sulfur removal and 

minimizing the loss of olefin saturation, posing a 

significant challenge. In conclusion, this review will aid 

researchers in selecting the most effective catalyst 

conditions, specifications, and types that ensure high-

quality sulfur removal. 
 

Supported Catalysts in HDS 
 

The Function of Active Sulfide Phase Support 
 

The activities of catalysts, morphology, and 
dispersion of the prepared catalysts are generally affected 

by nature of the support used [21, 22]. Conventional 

alumina, which is commonly used as a support, is not 

completely inert under reaction conditions and it is 

possible that the immigration of active promoters like Co 

or Ni to the external surface may occur, resulting in the 

formation of sub-surface spinels p [23], or promoting re-

isomerization processes based upon the acidic properties 

for those ions. Topsoep et al. reported that eliminating or 

significantly decreasing the interplay betwixt the CoMoS 

phases as well as the alumina support could result in 
modern sulfide structures with more intrinsic activity [24, 

25]. This led to propose a CoMoS phase type II structure 

with less support interaction. Ever since, a significant 

amount of research has been carried out to modify the 

interaction between the support and activated phases. It is 

widely acknowledged that p catalysts used for diverse oil 

fractions should have slight variations in their 

interactions between metal and support. Wherefore, the 

dispersion of active phases over alumina plays a crucial 

role in determining the catalyst's activities, selectivity, 

and stabilities (refer to Fig. 2) [16]. 
 

The importance of understanding The function 

of the support in hydro-treating catalysts has been widely 

recognized and investigated. Several studies have 

focused on the p dispersion state, stacking state, p as well 

as length of p MoS2 or WS2 slabs, p as well as the manner 

in which the p metal sulfurets are attached to the p surface 

of the support [26]. The morphology and orientation of 

MoS2-based catalysts have been found to strongly 

influence their catalytic performance, with the preferred 
bonding depending on the support used [27]. For 

instance, gamma alumina typically favors bonding by the 

basal planes (111) and (100), As demonstrated by Bara et 

al., they exhibit moderate to weak interactions with MoS2 

structures. [28]. In contrast, bonding on the (110) plane 

results in oxide particles that are well dispersed and 

oriented, with a robust metal-support interaction. The 

bonding of MoS2 clusters to the surface of TiO2 anatase 

by the edges plane was demonstrated by Sakashita et al. 

[29]. Transmission electron micrographs presented in 

Figure 3 illustrate the (002) planes of MoS2 clusters, 

which have an interplanar spacing of 0.6 nm 
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Fig. 2: The various metal-supports interacting in hydro-treating catalysts [16]. 

 

 
 

Fig. 3: (a & b) The transmission electron micrographs (TEM) and schematic diagrams (c,d) Illustrate MoS2 

clusters / TiO2 anatase powders [29]. 

 

Several years after, it was confirmed by 

Arrouve et al. through density functional theory (DFT) 
computations that the anatase surfaces has the 

capability to increase both perpendicular and tilted 

alignments of the p MoS2 clusters, owing to epitaxial 

growthing. Additionally, they suggested that the (110) 

hydroxylated alumina plane/surface could enable a 

slab inclind orientation p due to the pliability of its p 

hydroxyl group [30-32]. 

 

In a recent discussion, Berhault pointed out 

that the influences on catalytic behavior include the 

particle size along the MoS2 particles axis and the ratio 

of edge-basal plane [33]. His group's research revealed 

that active sites could also be formed on basal planes 
when the slabs possess some degree of bending [34]. 

However, observing the entire effective phase and 

isolating the curvature effects remains a significant 

defiance. As Berhaulte noted the state of disorder in 

molybdenum sulfide, its dissipation, and the limited 

visibility of only 10.0% of the active phase via 

transmission electron microscopy because of slab 

orientation all participate to this diffìculty. In a recent 

publication, Díaz de León et al. examined the 

influence of the support on p NiW p catalysts and 

discovered the presence p of slabs with some degree 

https://www.mdpi.com/2073-4344/9/1/87#B29-catalysts-09-00087
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of bending in nearly all samples tested using highly-

resolution transmission electrons microscopy 

(HRTEM) [4]. The bending was more prominently 

detected in NiW catalysts which prepared over mixed 

oxides [35]. 
 

They suggested that the interaction of metal-

supports p can be controlled by replacing the p carrier, 

while this interaction is immediately reflected in the p 

slab length. Notably, they discovered that the jumbled 

oxides of ZrO2-TiO2 (ZT) as well as Al2O3-TiO2 (AT) 

exhibited the topmost activities amongst the p series p. 

The findings they obtained of DFT demonstrated that 

the p promoted slabs have a tendency to bend due to 

the interaction p with p the support, this leads to a 

reordering of charges that causes a reduction in  p 

crystallization and the formation of flaws with 
significant hydrogenation ability throughout the slabs 

at the flexion points [36] p, as previously highlighted 

by Shimad and his team [36]. In the present context, 

Afanasie lastly generated blank metal sulfide p 

nanoparticles to investigate the effect of slab curvature 

(as shown in Figure 4) p [35]. A considerable quantity 

of fault in the hollow MoS2 nano-spheres were 

detected by him, resulting from plane dislocations 

(002) near the junction points. His results provided 

substantial proof of the contributions of the curved 

basal surface of the slab to the catalytic activity. 
Additionally, his proposal was that for supports with 

similar chemical properties, MoS2 particles with 

greater curvature may have an advantages over least 

curved ones. [37]. 

 

 
 

Fig. 4: The HRTEM images of the hollow spheres, 

which were designed and adapted by P. 

Afanasiev [37]. 
 

A Distinct Method: Using Support Mixed Oxides 

 

As previously mentioned, researchers have 

explored various approaches to modulating the metal-

support interaction, this encompasses the utilization of 

crystallographic phases other than gamma alumina 

[60], as well as non-traditional single metal (MS) 

oxides like Ti [26, 61-67], Zr [26, 63-66, 68, 69], Sì 

[22, 26, 70-72], or Ga. [72, 73]. However, more newly, 

to leverage the individual properties of single metal 
oxides and to address their limitations, research has 

been conducted on mixed oxide material consisted of 

two elements, like Al2O3-Ga2O3 [71, 72], Al2O3-TiO2 

[3, 74-79], ZrO2-TiO2 [35, 80, 81], Al2O3-ZrO2 [82-

84], MgO-TiO2 [85], Al2O3-MgO [78, 86], Mn-Al2O3 

[87-89] and Al2O3/zeolites [90], amongst others, for 
preparing HDS catalysts. As anticipated, in various 

scenarios, catalysts supported on mixed oxides 

showed higher activity compared to those supported 

upon alumina. Changes in the morphology parameters, 

like the length and MoS2 slabs accumulation, 

demonstrate that interplaying can be modified. Several 

researchers have also noted significant variations in 

support characteristics, including surface acidities, 

area of surface, surface potential, properties of 

electronic, and more. 

 

However, there is still no clear understanding 
of the relationship between the structure and activity 

of these mixed oxide supports, and the precise makeup 

of each support used in the mixed oxide can influence 

the resulting catalytic properties. Previous studies 

have shown that Mo supported on Al/Tip = 1 and 

Ti/(Tip + Zr) = 0.79 gave the topmost activity for 

hydrocracking process and upgrading coal-derive 

liquids [91]. Meanwhile, for the hydro-desulfurization 

of DBT, sundry studies have reported the highest 

activity when using Al/Ti = 2 in materials prepared 

using the sol-gel method [4, 35, 74, 77]. 
 

The activity results of catalysts are influenced 

by the precursors and methodology used for mixing 

[92,93]. Our research group recently investigated to 

examine how the sulfide cluster interacts with 

surfaces, the impact of the support on NiW catalysts 

was investigated [4,35]. When a catalyst is made, 

metal–O–Ms connections are typically formed (Ms 

being the metal in p the support), which are fractured 

and converted into Mo-S-Ms bonds during sulfiding. 

However, some p Mo–Op–Msp bonds may persist at 

the p periphery p of MoS2 slabs  [94]. DFT 
calculations can be used to redefine the bonding 

between the metal sulfide layer and the support after 

the formation of Mo-S bonds. Our findings suggest 

that Ti-supports exhibit clear orientation effects on 

metal sulphide slabs, though mixed oxides 

demonstrate greater affinity towards Al or p Zr than p 

Ti. Consequently, when clusters p avert certain surface 

atoms, they tend to bend, a phenomenon that warrants 

further examination in light of the recent discoveries 

as previously discussed p in above section. 

 
A description the preparation of Ultra-Low Sulfur 

Diesel catalysts 

 

Typically, supported catalysts in industry are 

prepared by impregnating metal precursors over hotter 
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alumina pellet using the incipient wetness method. 

Additives, whether organic or inorganic, can be 

incorporated into Al2O3-based catalysts to modulate 

their activity. As a result, the additives hinder the 

migration effect, leading to an augmented involvement 
of promoter-atoms in the creation of the 

nonstoichiometric CoMoS phase via the S-edges of 

MoS2 [73]. These additives prevent migration, thereby 

increasing promoter atoms are involved in creating the 

non-stoichiometric CoMoS phases across the S-edges 

of MoS2 [72]. In the preparation of catalysts, the metal 

hydroxide species present in the mother solutions (at a 

specific concentration and pH) could potentially 

include cationic entities, such as the [Ni(H2O)6]2+ 

species [74]. Thus, the concentration, degree of 

temperature, and the carrier surface for catalyst 

preparation can be cationic, or anionic, such as 
MoO4

2−, p [23, 75], W6O21
6− and HW6O21

5−species p p 

[76], at the same-self of pH value. At a pH of about 8, 

alumina has p a zero-point p of charge (ZPC), and its 

surface is negatively charged above this value and 

positively charged below it [75]. According to Diaze 

de Leone et al., a modification in the surfaces potential 

can potentially alter the deposited species on the 

surface. Their Raman spectroscopy findings indicated 

a variation in the ratio of terminal (Op = Wp = Op + 

Wp = Op) bonds to internal Wp–Op–Wp bonds, which 

was dependent upon the surfaces potential of the 
supporting materials [75, 76]. Vazque-Garridoe et al. 

connected the discrepancies in the potential of Z type 

of their supports (4.9 for Al2O3-TiO2 and 9.0 for 

Al2O3-MgO) to variances in the Mo oxides p surface 

species [57]. 

 

Organic Additives 

 

As previously mentioned, active phase 

precursors such as molybdenum, or tungsten promoter 

atoms like Co or Ni, and additives are often included 

in the preparation of hydro-desulfurization catalysts. 
However, achieving maximum activity relies on 

optimizing the formation for each of CoMoS, p 

NiMoS, or NiWS mixed sulphide phases. Chelating 

agents have proved to be a useful tool in the synthesis 

of HDS catalysts with a high level of activity. These 

agents first form combination with the cobalt, nickel, 

molybdenum, or tungsten precursors, modifying their 

coordinate p sphere and inhibiting the creation of 

isolated ions on the support surface; this increases 

promoter ion participation in the synthesis of 

nonstoichiometric p Co(Ni)Mo(W)S phases. 
Chelating drugs also have the ability to slow the 

sulfidation process, which has been demonstrated to 

inhibit the segregation p of thermodynamically p 

steady Co or Ni sulfides p (Co9S8 or Ni3S2) [76-78]. 

While it is p well recognized that cobalt p oxides 

sulphidation occurs at a lower temp than tungsten p 

oxide sulfidation, there have been few investigations 

on the segregation impact that occurs midst the sulfide 

processes, particularly for Co-W sulphide catalysts p 

[79, 80]. A substantial amount of stable Co9S8 may be 
produced at a temperature of 473 K, as shown by 

Kishan and Escobar et al. They also found that once 

WS2 is generated, NiSx particle re-dispersed to create 

the NiWS phases p [80, 81]. CoSx particles, on the 

other hand, continue to create more Co9S8 than the 

CoWS phase. 

 

Some authors have proposed that employing 

chelating agents might offer a solution to this issue. 

Kishan et al. effectively employed 1,2-

cyclohexanediamine-N,N,N,N-tetraacetic acid 

(CyDTA) and triethylene-tetraaminehexaacetic acid 
(TTHA) in the impregnation process, resulting in 

approximately 2.4 times higher activity for CoW 

catalysts prepared with TTHA compared to those 

prepared without chelating agents [82]. The 

preparation of NiMoP/Al2O3 using saccharide (SA) as 

an organic additive during concurrent impregnation 

has been reported [83]. The addition of a small amount 

of SA improved the dispersal of metallic species, 

increased the sulfurability of Ni oxide species, and 

enhanced catalytic activity. However, a higher SA 

content led to increased carbon content, resulting in 
intense blockage of active places. The use of 

ethylenediaminetetraacetic acids (EDTA) has also 

been reported to have favorable effects, promoting the 

formatting of active phase p and increasing activity p 

[77, p 84- 86]. Lately, hydrocarboxylic acids, 

particularly citric acid (CA), have been shown to be 

effective in preparing promoted catalysts p such as 

NiMo, CoMo, or NiW p systems, because of their 

outstanding solubility and low cost [87]. Several 

studies have suggested that CA can enhance the 

dispersion of Mo (W) [88-92], altering the 

morphology of the MoS2 slabs has been achieved in 
previous studies [93,94]. alter the drastic metal 

supports interaction [73,89,95-97], and delay the 

sulfidation practicability [73]. Similarly, it is generally 

agreed upon that citric acid enhances the promoting 

influence of Co or Ni atoms, thereby augmenting the 

contribution of the promotion p atom in creating the 

Co(Ni)-Mo-(W)-S mixed phase. 

 

The morphology of active species can also be 

affected by the pH of the impregnation solutions, as 

previously mentioned. Several studies by Valencia D. 
et al. demonstrated that the pH level of the 

impregnation solution plays a crucial role in 

determining the activity and selectivity of NiMo 

catalysts, especially when combined with CA [98-

100]. p The authors also reported that increasing the 
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amount of p CA meantime synthesis improved the 

NiMo catalysts p in the direct HDS pathway. 

Additionally, Castilloe-Villalo et al. p reported that the 

addition of CA changed the MoS2 crystallites 

morphology by increasing the formation of Mo-S sites 
[101]. Chen K. et al. simultaneously published similar 

results, demonstrating that CA aided in the formation 

of the S-edge of MoS2 slabs and progressively 

transformed their shape from a slightly truncated 

triangle with mainly as seen in Figure 5., the M-edges 

were transformed into a hexagon shape, maintaining a 

similar size p proportion of M-edges and p S-edges. 

 

Suarez-Toriello et al. demonstrated that the 

incorporation of CA could prevent at higher 

temperatures, excessive interactions between the 

metal and the support may occur, which can delay the 
reduction of nickel by inducing isolation of 

impregnated metal species. The authors discovered 

that CA inclusion hindered the formatting of 

unsolvable nickel species p as well as instead of 

produced dissoluble Ni-Cit species. Their findings 

from XPS and activity tests indicate that this leverage 

leads to an increase in Ni's involvement in the forming 

of the non-stoichiometric NiWS phases [74]. 

 

The operational conditions and the quality of 

the liquid feed are among the factors that strongly 
affect the lifespan of a catalyst in an industrial hydro-

treater. Over time, coke deposition tends to cause 

deactivation of HDS catalysts, metal poisoning, 

sintering, and other pollutants [102]. Dufresne has it 

was suggested that certain oxygen components can 

serve as metal dispersal agents when reactivating a 

decoked p catalyst [102]. In this context, chelating 

agents have shown promising results in controlling the 
regeneration of spent catalysts. Bui et al. used maleic 

acid to regenerate CoMo catalysts [103]. They found 

it has been suggested that this chelating agent can 

efficiently extract Co from CoMoO4 species and 

forming a complex of maleate with cobalt. The release 

is caused by this complex Co after temp. 300°C, which 

promotes the redeposition of MoS2 slabs and increases 

activity. 

 

Han et al. [104] treated spent CoMo catalysts 

with CA, Ethylene Glycol (EG), tri-ethylene glycol 

(TEG), thioglycolic acid (TGA), and 
dimethylsulfoxide (DMSO), finding comparable 

results as Berhault and his team [10p3]. The 

researchers observed that using CA, EG, TEG, or TGA 

nearly entirely restored the catalytic activities by 

allowing for the re-dispersion of p activated metals, 

hence facilitating the creation of a new, strongly 

promoted p active p CoMoS phase. The authors also 

suggested MoO4
2− p or β-CoMoO4 polymolybdate 

species p can be effectively generated from these 

species. Moreover, the addition of CA can aid in the 

recovery of Co2+ ions from the sub-superficial p 
CoAl2O4 spinels, thus promoting the formation of p p 

more CoMoS p sites. 

 

 
 

Fig. 5: The impact of citric acid on the morphology of MoS2 slabs [94]. 
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Inorganic Additives p 

 

As previously discussed, chelating agents are 

often utilized to avoid losing of promoter atoms 

located in sub-surface supports layers. This 
phenomenon occurs when hydroxide cations of Ni 

atom (or Co) directly interact with under-coordinated 

cations at the outermost layers of the metal oxide 

exterior surface, in octahedral or tetrahedral sites. This 

migration leads to the loss of some of the promotion 

of catalysts with a charged promoter in the formatting 

of sub-surface spinels. 

 

Admixtures such p as p F p [10 p5,p107], p 

Mg [106-11p0], B [111-116], P [85,117-119], or p Ga 

[76,p120-p124] have been founded to effectively 

address immigration phenomena and enhance stability 
while reducing the p interaction between the catalyst's 

active phase and p the support material. However, it is 

important to carefully consider other factors such as 

activity and selectivity as changes in surfaces and 

texture properties can occur, and in many cases, an 

increase in the concentration of additives may result in 

a reduction in activity [76,118]. 

 

Changes in surface acidities are typically 

reported as a result of introducing additives like F 

[105,107], Mg [107-112], B [113-115], P [85,117-
119], or Ga [75,120-124]. For instance, B, F, Mg, p 

and Ga adjust the Bronsted acidities, causing changes 

in the property of electronic of MoS2 p and CoMoS p 

sites, and affecting the morphological property of the 

sulfide phases to varying degrees [106-125]. Ga, in 

particular, when used as alumina support additives, the 

modification of the dispersion process and increased 

promoting of the effective phase to nearly the Upper 

limit theoretical Ni promotion ratio alters the general 

morphology of WS2 slabs [120]. This suggests that the 

presence of GaAl2O4 on the surface p not only alters 

the surface p potential relative to the alumina in its 
initial or primary form, but also prevents migration of 

Ni within the catalyst, this results in a substantial 

augmentation in the amount of Ni present in 

octahedral species (Nioct2+) that promote the active 

phase [126]. Hani and others discovered that the 

insertion of F at p the system of MoS2/Al2O3 p has a 

significant leverage on the Bronsted acidity p [p107]. 

The authors suggested that the p Bronsted sites have 

an interaction with the active phases present in the 

surrounding area, inducing an electron-deficient p 

state that increases the formation of p coordinatively 
unsaturated sites and raises amplitude of 

hydrogenation process. 

 

Furthermore, it is expected that the 

hydrogenation pathway will occur via π-bonds 

because of the hindrance caused by the presence of 

alkyl substituents. The presence of what is commonly 

referred to as BRIM sites has been associated with an 

increase in hydrogenation process capacity [127]. 

Consequently, it may be claimed that the presence of 
chemicals increases the domestic metallic features of 

Ni-Mo(W)-S edge sites in p the phases adjacent to 

these additives of metals. Changes in particles size can 

also impact the metallic nature of NiWS edges p [29, 

30]. Additionally, the addition of additives can 

enhance the activated phase dispersal. Hence, the 

modification in the size of slab alone could account for 

changes in selectivity. 

 

The ability of hydro-desulfurization 

supported catalysts to function effectively is 

influenced by various factors, such as the active 
component, support type, inorganic-organic additive 

concentration, pH value of the impregnating solutions, 

metal-supported interacting, promoter type and 

amount, slab length-stacks No., and sulfidation temp. 

and time. Moreover, non-organic-inorganic additives 

can enhance thermal stability, regulate metal-supports 

interactions, improve metal sulfide dispersion, acidity 

value, and generate coordinately non-saturated sites in 

the catalysts species. By considering all over these 

factors, it is feasible to design a catalyst that can 

confidently produce ultra-low sulfur fuels. 
 

Structure-Activity Relationship of Unsupported 

Hydro-desulfurization Catalysts 

 

In lastly years, it has been a growing interest 

in unsupported catalysts because their higher activity 

compared to supported catalysts, which is 

approximately 2.5-3 times higher. The refining 

industry has also been compelled to produce ultra-low 

sulfur fuels due to strict environmental regulations. 

These catalysts can be used as a whole or as a layer (20 

to 30% reactor bed) in the reactors utilized for the 
production of ulta low sulfur diesel in the industry. 

This part focuses on relation between structure and 

activities of non-supported catalysts. On the contrary, 

supported catalysts, self-supported catalysts do not 

exhibit any metal support interactions, either strong or 

weak. However, the activity of the catalysts is 

influenced by the length and stacking of the metal 

sulfide slabs, which are determined by the procedure 

for synthesizing the catalysts. Therefore, the method 

of catalyst synthesis is crucial, and this section is 

categorized into two subsections: the first topic 
pertains to the metal sulfides direct synthesis via the 

decomposing approach, whereas the second topic 

focuses on the synthesis of metal oxide precursors that 

are subsequently sulfidized in-situ/ex-situ. 
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Thiosalts Decomposition  

 

This section is dedicated before discussing 

the structure-activity relationship of both bulk MoS2 

catalysts with and without promotion, which are 
produced by decomposing precursors like thiol-salts 

[128-131], alkyl-contain of salts [130-134], oxythiol-

salts [135,136], as well as others. Numerous factors 

have been identified in the literature as the association 

of support properties with the impact of alkyl-

containing compounds on catalyst performance and 

their influence on the selectivity path (hydrogenation 

(HYD) or direct desulfurization (DDS)) and HDS 

activity. These include carbon effects, promoter 

effects, transition metal sulfides, the temperature at 

which catalysts are activated, using of gas activating, 

and manufacturing methods. 
 

The effectiveness of catalysts that were 

synthesized by decomposition in HDS is determined 

by several factors such as the amount of promoter, the 

temperature at which it is prepared, and the type of gas 

(hydrogen or nitrogen) used for activation. These 

factors can also impact the characteristics of the 

catalysts such as long of slabs, No. of layers, as well 

as slab orientation. For instance, catalysts containing 

nickel (NiMo or NiW) promoted under high 

temperature and hydrogen environment have been 
found to exhibit high activity with stumpy slab lengths 

and low stacking degrees. Iwata et al. [34] and Araki 

et al. [37] have reported that catalysts with low 

stacking degree and curved slabs also exhibit high 

activity the existence of imperfections in the slabs, as 

explained in Section 2.1, resulted in a smaller size of 

MoS2 slabs and higher activity for CoMo catalysts 

which activated with a hydrogen gas via the DDS 

route. In contrast, CoMo catalysts activated under a 

nitrogen environment exhibited larger stacking 

numbers [129]. 

 
Unsupported catalysts often have lower 

surface areas, least slab dispersion, and lengthy slab 

lengths, which can limit their catalytic performance. 

To address these issues and enhance performance, 

some of researches groups have employed organically 

surfactants spices [136] and alkyl-precursors [132- 

136] that act as internal templates to enhance the 

spread of metals sulfide slabs and maximize the 

surface area during catalyst synthesis, Acuñ et al. 

developed catalysts (CoMoW) with varying carbon 

atom chains length from C1 into C3 and found that 
increasing the alkyl-chains length led to a significant 

increase in organic carbon content and BET surface 

area, but had little effect on catalytic activity [132]. 

The authors noted the primary limitation of 

compounds containing alkyl groups precursors was 

the generation of char while undergoing 

decomposition, which blocked active sites and 

negatively impacted HDS process activity. They also 

observed that increasing the alkyl-chains length 

decreased slab length but did not affect stacking 
degree. In contrast, Armenta et al. found that using 

longer carbon chains (C12 to C18) for the same tri-

metallic catalyst (CoMoW) resulted in the formation 

of sulfur carbide, which acted as a dispersing agent and 

improved HDS activity [133]. The researchers noted 

that the dominant reaction pathway was the DDS 

route, which relied contingent on the amount of carbon 

present in the resulting catalysts. Similarly, Romer et 

al. declared that the MoS2 catalysts activity was 

proportionate to length of alkyl chain up to a certain 

range, beyond which carbon acted as a poison by 

covering active sites [134].  
 

Additionally, the preferred mechanism for 

catalysts was through the hydrogenation pathway. The 

extent of metal oxide sulfidation, which governs the 

mechanism of HYD or DDS, as well as the catalyst's 

ability to withstand heterocyclic compounds present in 

the feed-stock, is significantly influenced by the 

catalyst's type of promoter and the amount of loading 

can have an impact, according to reference [136]. 

Metal sulfides such as MoS2 as well as WS2 were 

known for their effectiveness in HDS, but the un-
promoted catalyst's HDS performance is dependent on 

the feed type. Olives et al.'s research on hydrogen 

index and hydro-desulfurization of model compounds 

indicated that MoS2 was highly active in model 

compounds but performed poorly in real feed due to 

substantial (hydrogenation pathway) and 

environmental state (organo-nitrogen tolerance) 

factors [137]. The addition of Co to MoS2 significantly 

improved its activity in the real feed-stock, 

emphasizing the significance of the promoters. 

Unsupported catalysts of MoS2 have been promoted 

using assorted promoters like Co, Ni, or Fe, as 
reported in reference [138]. The authors found that Ni 

had a higher sulfidation degree, which is consistent 

with Le et al.'s results for NiW unsupported catalysts 

[135]. In contrast, Yi et al. it was found that an 

increase in the Ni content of the catalyst led to a 

decrease in the cumulation of Mo/WS2, that resulted in 

low effectiveness [139]. 

 

In addition, the amount of promoter content 

plays a significant role in determining the catalyst's 

mechanism, whether the reactions proceed during the 
HYD or DDS pathway. Bocarando et al. noted that 

high promoter loadings increase HYD route, while 

low promoter loadings increase DDS [140]. Zepeda et 

al. reported that metal additives like Ga can create sites 

in the catalyst that are coordinative unsaturated [141].  
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In addition, certain scholars have analyzed 

energies of the bond between metal and sulfur and 

their influence on stoichiometric sulfur situated at the 

edges of MoS2 slabs [142,143]. In a study by Daudin 

et al. [142], various transition metal sulfides were 
investigated, and a relationship between HDS/HYD 

ratio selectivity and energies of the bond between 

them was observed, as depicted in Fig. 6. The authors 

suggested three scenarios: (1) low and high (2) sulfur-

metal bonds energy showed a high level of activity for 

hydrogenation process mechanism, while moderate 

(3) metal-sulfur bond energies resulted in a significant 

rise in DDS, this led to the highest ratio of HDS to 

HYD among the available all the systems analyzed. 

Furthermore, the researchers discovered that their 

experimental data was an excellent match for 

Langmuir-Hinshelwood kinetics. They postulated that 
Me-S (sulfur in metal) species and unoccupied 

metallic sites facilitated the disintegration of H2S as 

well as H2, whereas organosulfur molecules in 

competitive adsorption and alkenes occurred 

exclusively upon metallic sites. According to Afanasie 

et al. [143], the stoichiometric p sulfur atom (S2
2-) 

found at the p non-supported MoS2 edges slabs is 

crucial to the catalytic activity. The interaction of S2
2- 

species with hydrogen generates -SH groups, which 

strongly affect the behavior of the catalysts. Catalysts 

exhibiting this effect control The HDS process using 
the HYD pathway. When -SH groups are present at p 

their edges of p MoS2 slabs, the affinity of nickel and 

cobalt ions towards them is lower than in their 

absence. 

 

 
 

Fig. 6: The hydro-desulfurization selectivity a 

comparison of experimental outcomes and a 

kinetic model (represented by a black line) at 

a temperature of 250 °C, pressure of 20 bar, 

and H2/feed Ratio of 360 L/L, based on the 
energies of sulfur-metal bonds (E(MS)) 

[142]. 

 

 

 
 

Sulfidation after Oxides 

 

Template-Free Method 

 

When considering catalysts that are prepared 
through a method devoid of templates, the oxides 

catalyst was subjected to a thermic sulfidation 

processes, three synthesis procedures were discussed: 

(a) the use of layered-double hydroxide molecules 

[144–147]; (b) the hydro-thermally way [148–152]; 

and (c the precipitation methods [152-154]. 

Hydroxides with double layer serve as both precursors 

as well as structural template for the synthetic HDS 

catalysts species [147]. The activity of LDH-derived 

catalysts is contingent on multiple factors, including 

the geometric arrangement of metals ions in the 

hexavalent state (whether in tetrahedral coordination 
or octahedral) [144], the precursor oxides surface area, 

content of promoters, activation temperatures, and 

others. Similar traits were noted between catalysts 

obtained or extracted from LDHs and thiosalts. 

Compared to the ones obtained from thiosalts, the 

activation temp. of catalysts obtained or extracted 

from LDHs containing W (as mentioned in reference 

146) are relatively high. Moreover, Coelho et al. did 

not find any correlation between the activity of LDH-

derived catalysts and characteristics like Mo/Al ratio 

or surface area [145]. 
 

The hydrothermal method was also used to 

synthesize unsupported catalysts with high surface 

areas. The catalytic activities of these catalysts 

strongly depends on their temperature of the 

invigorate, which is influenced by their catalytic 

properties, such as crystalline nature, basal plane 

defects, size-shape, and conglomerate of metals 

sulfides [148, 149]. Studies by Yini et al. [152] and 

Zhang et al. [149] demonstrated that rising the 

sulfidation temp. led to the agglomeration of Ni3S2 

and MoS2/WS2 nanoparticles, resulting in longer 
MoS2/WS2 slabs with a curved shape [148, 149]. 

Furthermore, defects on the basal planes were reported 

to act as sites that exhibit high activity in the HDS 

process reactions [2.1], and the existence of Lewis’s 

acidic sites was found to cause de-alkylation and 

isomerization reactions in alkyl-substituted DBTs 

[150, 151]. The researchers discovered that enhancing 

the catalytic properties is linked to the degree of 

sulfidation increase and the efficient dispersion of the 

active components. Furthermore, they established a 

clear association between the conversion of DBT and 
the presence of sulfur weakly bonded to the catalyst 

surface (Figure 7). 
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Fig. 7: The correlation betwixt the conversion of 

DBT and the S content weakly bound to the 
catalyst [154]. 

 

Template Method 

 

The use of organic templates is another 

technique to achieve high surface areas and improve 

dispersion. This section discusses the hydro-

desulfurization activity of catalysts produced through 

the utilization of diverse organic templates, like 

polyethylene polyethylene glycol [152–155], 

polivinylpyrrolidone (PVP) [156], pluronic 123 (P-

123) [157], tetrabutylammonium bromide [158], or 
biotemplates [159]. Templates can enhance 

morphology, thermal stabilities, as well as the 

formation of active NiMoS/CoMoS phases [152]. 

Unsupported HDS catalysts have assorted 

morphologies, such as resembling a belt [153], 

fullerene-like [154], and resembling a core-shell 

configuration [155] the particles which possessing a 

higher number of active sites. The morphology state 

and property of active phases of the catalyst are 

determined by the quantity of surfactant utilized 

during synthesis. Liu et al. [156] reported it can be 
concluded that using a small quantity of surfactant 

(PVP) leads to the production of a high surface area 

NiMoS phase with significant activity and the -

NiMoO4 phase is preferred. Compared to supported 

catalysts, unsupported catalysts typically have longer 

slab lengths, which seems to exert a stronger influence 

on HDS activity compared to the number of layers 

stacked [153, 158]. The catalyst synthesized using 

surfactants like cellulosic fibers showed a positive 

effect of carbon. The catalyst produced by thermally 

decomposing alkyl-contained precursors (as 

illustrated in p Section 3p.2.1) has similarities. Certain 
experimental results suggest that, rather than an 

increase in p stacking number, an increasing slab 

length is p more crucial in order to achieving high p 

HDS process selectivity [153,160]. As previously 

discussed, promoters encourage the development of 

the active phase. In fact, the NbS2 catalyst promoted 

by copper displayed greater activity per mass than 

molybdenum sulfide [157]. 
 

Unsupported catalysts are known to have 

higher activity than supported ones, but they also have 

drawbacks like low surface area and catalyst sintering. 

Unsupported catalysts synthesized from thio-salts are 

expensive and cannot be scaled up, and their 

promoters can oxidize when exposed to the 

environment. To address these issues, precipitation 

way and hydro-thermally method are always eco-

friendlier options for synthesizing unsupported 

catalysts. The activity of these catalysts can be 

improved by increasing their surface area and 
dispersion, which depends on various factors such as 

the catalyst's preparation method, p precursors, and 

organic surfactants used. The degree of p sulfidation, 

metal sulfide p slab shape, size, p length, and p 

orientation p are also important in determining the 

catalyst's activity. Shorter slab p lengths p with 

minimum of p two slabs p in the stack and larger p Mo 

edges in the p p slabs are p ideal for achieving high 

hydro-desulfurization activity.  

 

Theoretical Studies 
 

Academic studies, specifically those utilizing 

DFT computations or analyses, have significantly 

contributed p to a comprehension of the chemical and 

physical characteristics of materials containing MoS2, 

and their correlation with experimental observations. 

According to the theoretical findings, corpus 2H-MoS2 

is a substance that exhibits band gaps that can be either 

direct or indirect that align very closely with the 

experimentally reported values [159-161]. However, it 

is also predicted that the chemical, optical, and 

electronic properties of this material can be modified 
by introducing transition metal doping or applying 

pressure, leading to the development of intriguing new 

technological applications [162-164]. In addition, 

there is a vast range of possibilities available when 

reducing the dimensions of these materials, as it 

enables band-gap engineering [165-176] and results in 

the acquisition of novel magnetic properties [177-

179]. 

 

Theoretical results have demonstrated that 

Mo-edges in MoS2 slabs are more effective for 
catalysis than S-edges when both bares Mo- and S-

edges are exposed [180-183]. This has been further 

supported by recent research showing that the primary 

reaction route for thiophenes hydro-desulfurization 
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takes place across the Mo-edges, while the activation 

of Mo-S bonded edges relies on the temperature [184].  

 

In addition, Yang et al. [185] identified an 

optimal cluster size, Mo27Sx, for the purpose of 
conducting catalytic investigations. This cluster size 

allows for adsorption of various sulfur compounds on 

different active sites of both S- and Mo-edges [186]. 

Sun et al. [187] used DFT studies to observe the 

molecular behavior of the 4,6-DMDBT, which 

switches involving adsorption on edge and rim sites 

via both π and σ interactions. They discovered that the 

formation of vacancies is not ideal under HDS 

conditions. In addition, they used scanning tunnelling 

microscopy (STM) depiction to demonstrate that the 

adsorption of the 4,6-DMDBT molecule via the DDS 

route can only occur on the vacancy located at the edge 
or corner of the S-shaped curve within the CoMoS 

nanocluster (as shown in Figure 8). 

 

 
 

Fig. 8: (a) The molybdenum and sulfur edges in the 

catalyst of CoMoS, p (b) p Scanning tunneled 

microscopy photos of the CoMoS 

nanoclusters, and (c) The creation of vacancy 

p p at the center of the Mo edges instead of 

the corner upon exposure to H2 [187]. 

 
Previous studies dealing with tri-metallic 

catalysts consisting of Co(Ni)Mo components, 

especially during HDS conditions, indicates that Ni is 

more inclined to integrate with the Mo-edge, whereas 

Co has a preference for the S-edge in periodical slab 

of model under typically sulfidation process 

conditions [188]. However, at the nanoscale and in 

theory, it is possible for Co-Mo or Ni-Mo edges to 

coexist, even though during HDS conditions, the slabs 

tend to adopt a hexagonal shape where the Me-edge is 

partly adorned with Co and Ni, whereas the S-edge 

may have partial Ni decoration [189]. Therefore, the 

participation of Ni atom or Co atom that used in the 

process of promotion is a decisive factor in enhancing 

the selectivity ratio of HDS over HYD [190]. 

 
Furthermore, we also confirmed that the 

morphology of the support can have a significant 

impact on catalytic activity of these materials, which 

could further influence the approach invoked for the 

design of these materials. [191,192]. To understood 

the clusters/supports interacting, one of the earliest 

theoretical studies focused on the divergence in 

catalytic activities observed between CoMoS 

structures of Type-I and Type-II that are backed by 

alumina [193,194]. The reason for the feeble 

interaction between Types-II CoMoS structures and 

the supports could be the fact that generating 
vacancies in such a scenario involves a process that 

requires a substantial input of energy that significantly 

reduces S linkages. 

 

While theoretical studies can contribute 

significantly to our understanding of the mechanisms 

underlying catalytic processes and the design of 

improved catalysts, it remains unclear how the 

property of catalysts species are influenced by various 

the stability of catalytic supports when exposed to 

various thermodynamics conditions. Nevertheless, 
such studies can inform the development of new 

strategies aimed at improving catalyst performance, 

enhancing reaction stability, and extending catalyst 

lifetime. Characterisation results revealed that by co-

impregnation, the dispersion of the Mo phase was 

significantly increased due to the presence of Ni and, 

on the other hand, more Ni stay together to Mo on the 

external surface of the clay, favouring thus the 

formation of Ni-Mo–O interaction species, precursors 

of the “Ni-Mo–S” active phase. 

 

Kinetics and Mechanism of Transition Metal Sulfides 
 

Hydrotreatment applications for the removal 

of heteroatoms, such as sulfur from oil feedstock, 

represent a significant process in the petroleum 

refining industry. Despite the extensive application of 

hydrotreating catalysts based on transition metal 

sulfides (TMS) and considerable research over recent 

decades, many aspects of HDS remain not fully 

understood. 

 

For example, the reaction mechanism for the 
HDS of the commonly used model compound 

thiophene is still debated. Early proposals suggested 

that thiophene desulfurization occurs through double 

β-hydride elimination followed by rapid 

hydrogenation of adsorbed diacetylene to 1,3-
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butadiene [195]. Alternatively, Lipsch and Schuit 

proposed that the carbon-sulfur bonds undergo 

hydrogenolysis to yield 1,3-butadiene directly [196]. 

However, Kraus and Zdrazil argued that thiophene’s 

chemistry indicates that the aromatic ring is 
hydrogenated to tetrahydrothiophene, which should be 

considered an intermediate [197]. This compound is 

typically reported in high-pressure thiophene HDS 

studies [198]. Additionally, partially hydrogenated 

thiophenes, such as 2,3-dihydrothiophene (2,3-DHT) 

and 2,5-dihydrothiophene (2,5-DHT), have been 

suggested as intermediates, although they were not 

detected in the gas phase [199]. Markel et al. 

determined that dihydrothiophenes are significantly 

more reactive than tetrahydrothiophene, which is, in 

turn, more reactive than thiophene [200]. 

 
Another unresolved issue is the origin of the 

periodic trends in HDS activity for various TMS. 

Beyond the industrially significant Co- or Ni-

promoted MoS2 and WS2 catalysts, many TMS exhibit 

high hydrodesulfurization activity. Generally, 

Balandin volcano-type activity curves for these 

sulfides show maxima in thiophene HDS for the 

sulfides of Ir, Rh, and Co [201-203]. Harris and 

Chianelli interpreted this trend using the Sabatier 

principle [204], while Nørskov et al. suggested that 

activity is related to the TMS's ability to generate 
sulfur vacancies [205]. TMS with the lowest metal-

sulfur bond energy will have the most sulfur vacancies 

and, consequently, the highest activity. Wiegand and 

Friend proposed that the most active materials are 

those that effectively activate the carbon-sulfur bond, 

implying that strong interactions between thiophene 

and TMS result in high activity [206]. Recent 

theoretical studies have shown that interactions 

between thiophene’s sulfur atom and various TMS 

correlate well with HDS activity trends across the 

periodic table [207]. 

 
Intensive research aimed at understanding the 

nature of the active phase and the role of Co- or Ni-

promoters has produced differing views on the 

synergistic effect in sulfided Co(Ni)Mo(W) catalysts. 

The 'Co-Mo-S' model [208, 209], the remote control 

model [210], and the rim-edge model [211] are among 

the most frequently used descriptions for the active 

phase in these catalysts. De Beer et al. proposed that 

MoS2 primarily acts as a stabilizing carrier for highly 

dispersed Co- or Ni-sulfide particles [212, 213]. This 

view is supported by combined extended X-ray 
absorption fine structure (EXAFS) and Mössbauer 

Emission Spectroscopy measurements, indicating that 

small CoSx ensembles are present at the MoS2 

crystallite edges and exhibit high HDS activity 

[214,215]. This finding aligns with the high thiophene 

HDS activity observed for metal sulfide clusters 

dispersed on a carbon support or occluded in zeolite 

micro-pores [216]. 

 

Operando and In-Situ Techniques 
 

In situ techniques reveal new catalytic surface 

structures, compositions, and chemistry under 

working conditions, differing from vacuum 

measurements. This detailed information is crucial for 

catalyst design, offering insights into structure, 

bonding, and reactivity. These methods provide 

dynamic data under real reaction conditions, aiding 

theoretical calculations and optimizing catalyst 

efficiency. Thus, studying catalysts in their operative 

state with in situ/operando techniques is fundamental 

to catalysis research, greatly enhancing our 
understanding and control of catalytic processes [217]. 

 

In Situ Electron Microscopy for Catalysis Research 

 

In Situ scanning and transmission electron 

microscopy (TEM) 

 

In situ scanning [218] and transmission 

electron [219] microscopy have become crucial in 

catalysis research, providing subatomic spatial 

resolution and simultaneous atomic-level 
spectroscopy. This technology enables the analysis of 

critical interfaces and surfaces of individual catalysts, 

supported by various spectroscopy techniques. Over 

time, numerous in situ electron microscopy methods 

have been developed, each with distinct advantages 

highlighted in various review articles [220, 221]. 

 

In this review, we focus on electron 

microscopy techniques associated with cutting-edge 

advancements such as Four-Dimensional Scanning 

Transmission Electron Microscopy (4D-STEM) and 

those integrated with in situ synchrotron radiation 
techniques. The resolution of in situ TEM images 

depicting electrochemical processes in a liquid cell has 

been somewhat limited so far [222], partly due to 

challenges like high signal-to-noise ratios, enhanced 

spatial and temporal resolution, controlled 

environments, and a significant reduction in electron 

beam effects. Operando 4D-STEM diffraction 

imaging in liquid provides superior structural insights 

compared to traditional TEM/STEM imaging, thanks 

to its increased sensitivity and dynamic range [223]. 

 
Using a newly developed electron 

microscope pixel array detector (EMPAD), 4D-STEM 

can rapidly collect 2D electron diffraction patterns 

over a grid of probe positions, significantly reducing 

the electron dose while simultaneously gathering 
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nanoscale crystallographic data. This capability is 

essential for studying beam-sensitive materials in a 

liquid environment for catalysis. For instance, Yang et 

al. unveiled the structural complexity of active Cu 

sites using correlated electron and X-ray probes based 
on four-dimensional electrochemical liquid-cell 

scanning transmission electron microscopy, 

showcasing the power of advanced operando 

techniques for elucidating active sites in nanocatalysts 

[224]. 

 

In situ high-speed scanning tunneling microscopy 

(STM) 

 

In situ high-speed scanning tunneling 

microscopy (STM) enables real-time atomic imaging 

[31], achieving a lateral resolution of approximately 
100 pm and a vertical resolution of 1–3 pm at room 

temperature [66]. STM can observe individual atoms 

and their arrangements on a catalyst surface, offering 

unprecedented insights into catalytic mechanisms. For 

instance, Patera et al. demonstrated the catalytic role 

of single metal adatoms in the process of graphene 

growth on Ni using in situ STM [67]. Their research 

indicated that at high temperatures, carbon diffuses 

onto the nickel surface, promoting the growth of 

graphene islands with zigzag and Klein terminations. 

By monitoring layer formation at the atomic scale with 
millisecond time resolution through STM, the 

researchers observed mobile nickel adatoms at the 

kink sites of the graphene edges, acting as single-atom 

catalysts. Density functional theory calculations 

revealed that these adatoms strongly bind to the kinks, 

lower the energy barrier for carbon attachment, and 

facilitate the addition of carbon dimers, thus 

promoting graphene growth. This study provides 

atomic-level insights into graphene growth 

mechanisms, highlighting the potential of dynamic 

high-speed STM imaging for understanding surface 

processes at the atomic scale. 
 

Additionally, high or ambient pressure 

combined with ambient temperature allows weakly 

interacting species to densely cover surfaces at room 

temperature in equilibrium with high gas pressure. 

This helps overcome activation barriers and trigger 

atomic structure reconstructions, often forming new 

structures for surface catalysts, as highlighted by high-

pressure STM [66]. Overall, STM and transmission 

electron microscopy (TEM) are crucial for 

understanding catalysis at molecular and atomic levels 
in catalytic science. In situ STM excels at examining 

surface properties of single crystals, revealing detailed 

electronic and geometric aspects of catalysis. 

Conversely, in situ TEM is ideal for observing 

nanoparticle catalysts in real-time, shedding light on 

their structural changes and chemical reactions during 

the catalytic process [70]. 

 

These techniques provide complementary 

insights: TEM investigates how nanoparticle size 
affects catalysis, particularly at low-coordinated edge 

and corner sites, while STM examines the influence of 

atomic-scale structures on catalytic activity [71]. 

Additionally, they help study critical interactions 

within bimetallic nanoparticles, especially at metal-

oxide interfaces, which are crucial for forming active 

catalytic sites [72–74]. Research in this field, 

supported by studies like those of Tsung et al. [70] and 

Somorjai et al. [71], underscores the roles of STM and 

TEM in revealing the intricate structural and chemical 

dynamics essential for catalysis. Together, they offer a 

comprehensive set of tools for catalysis research, 
enhancing our understanding of catalytic mechanisms 

and aiding in the development of more efficient, robust 

catalysts. 

 

In Situ Synchrotron Radiation Techniques in 

Catalysis Research 

 

Synchrotron radiation light sources, with 

their broad spectrum, high brightness, and coherence, 

have advanced beyond conventional methods in 

various applications, making significant contributions 
to catalysis research. These contributions include 

crystal and electronic structure analysis, surface 

composition assessments, and the detection of 

chemisorbed species and reactive intermediates [75]. 

A widely used technique is synchrotron radiation X-

ray diffraction (SRXRD), which identifies crystalline 

materials and analyzes their structures [76]. By 

bombarding a sample with X-rays and examining the 

diffraction pattern, researchers can determine the 

atomic arrangement within the crystal structure. 

Scanning transmission X-ray microscopy (STXM) is 

an advanced microscopy technique that uses X-rays to 
produce high-resolution images of specimens. This 

method provides detailed information about the 

chemical state of a material at the nano-level, offering 

spatially resolved insights into the electronic and 

chemical structure of catalyst materials. STXM 

operates through a process called raster scanning, 

where an X-ray probe systematically moves across the 

specimen, capturing the intensity of transmitted X-

rays at each position. By adding sample rotation, 

STXM can also perform tomography, yielding three-

dimensional imaging of the specimen. The resolution 
in STXM depends on several factors, mainly the size 

of the X-ray spot, which is influenced by the coherence 

of the X-ray source, the precision of the experimental 

setup, and the performance of the focusing lenses. 

These factors collectively set the resolution limits of 
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STXM, similar to those observed in transmission X-

ray nano-computed tomography [78]. 

 

Related studies on in situ STXM, including 

comparisons between STXM-XAS and STEM-EELS 
(scanning transmission electron microscopy–electron 

energy loss spectroscopy), have been summarized by 

Weckhuysen et al. [79], though they are not included 

here. Given the complex nature of catalytic reactions, 

developing synchrotron-radiation-based multi-

techniques is essential for accurately capturing the 

dynamics of catalytic processes. 

 

X‑ray Absorption Spectroscopy (XAS) 

 

X-ray absorption spectroscopy (XAS), 

encompassing XANES (X-ray absorption near-edge 

structure) and EXAFS, is widely employed for 
characterizing catalysts at the atomic level. XANES 

reveals the oxidation state and local symmetry of 

specific atoms, while EXAFS provides details about 

the local atomic structure [80]. XAS is instrumental in 

elucidating the local structure and chemical state of 

catalysts, offering insights into changes in their 

oxidation states during reactions [81, 82]. 

 

The NEXAFS (near-edge X-ray absorption 

fine structure) region of the spectrum pertains to 

excitations just above the ionization threshold, 

providing information about unfilled orbitals such as 
antibonding orbitals or unoccupied states in the solid-

state density of states plot. This area yields insights 

into the chemical environment, including oxidation 

state, symmetry, and local charge distribution. In 

contrast, the EXAFS region arises from photoelectrons 

emitted from the atom and subjected to backscattering 

from neighboring electron clouds, yielding 

oscillations in X-ray energy that reveal details about 

the local environment, such as coordination numbers 

and distances to neighboring atoms. 

 
In situ or operando XAS offers a significant 

advantage over conventional XAS by enabling real-

time studies of chemical reactions under realistic 

operating conditions. Conducting in situ soft X-ray 

absorption spectroscopy (s-XAS) presents challenges, 

particularly in liquid-phase conditions, but offers 

unique advantages over hard X-ray (h-XAS) methods, 

especially in studying carbon, nitrogen, and oxygen-

containing systems and surface-level interactions 

critical for catalyst studies [82]. Experimental 

challenges in s-XAS can be overcome using photon-

in–photon-out techniques with a penetration depth of 
a few hundred nanometers, as demonstrated in studies 

like that of Sargent et al., which employed density 

functional theory (DFT) calculations and in situ s-

XAS to investigate multi-metal oxides for 

electrocatalytic applications [33]. 

 

Synchrotron radiation ambient pressure 
photoelectron spectroscopy (APPES)  

 

Ambient-pressure photoelectron 

spectroscopy (APPES), particularly ambient-pressure 

X-ray photoelectron spectroscopy (APXPS) and 

ambient-pressure X-ray absorption spectroscopy 

(APXAS), provides insights into the electronic 

structure of catalysts, including their elemental 

composition, chemical state, and electronic states of 

the elements present [58, 89]. APXPS is especially 

useful for studying catalyst surfaces due to its shallow 

information depth, typically penetrating only a few 
nanometers (5–10 nm). For instance, Liu et al. 

investigated the interaction of oxygen gas with Cu 

(100) and Cu (111) single crystal surfaces using 

APXPS [90]. The combination of APXAS and APXPS 

offers complementary information about a material: 

APXPS provides detailed surface chemistry and 

electronic structure insights, while APXAS reveals 

properties deeper within the material. In contrast, 

ambient-pressure mapping of resonant Auger electron 

spectroscopy (AP-mRAS) enhances XAS data 

collection by employing Auger electron yield (AEY) 
mode with kinetic energy resolution. This approach, 

compared to traditional XAS, adds a dimension along 

the kinetic energy of emitted Auger electrons at each 

resonant energy. Thus, AP-mRAS can elucidate 

valence and unoccupied states near the absorption 

edge with greater sensitivity to electronic states. 

Moreover, AP-mRAS captures details of secondary 

decay processes at different photon energies, 

distinguishing non-resonant or normal Auger and 

resonant Auger processes. 

 

Infrared (IR) spectroscopy  
 

Infrared spectroscopy combined with 

scanning probe microscopy enables precise analysis of 

heterogeneous materials at the nanoscale. Synchrotron 

infrared nano-spectroscopy enhances this capability 

by employing low-noise, broadband synchrotron 

infrared radiation, enabling comprehensive spatio-

spectral analysis for catalysis research [93]. The 

catalytic performance of heterogeneous catalysts 

correlates closely with the coordination number of 

surface atoms. Surface defects and edge regions often 
exhibit enhanced catalytic activity due to their lower-

coordinated surface atoms. Directly assessing the 

catalytic activity at different sites on metal 

nanoparticles is essential for understanding 

heterogeneous catalysis mechanisms. However, 
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conventional infrared and Raman spectroscopies are 

limited in spatial resolution and cannot achieve this 

goal. High-spatial-resolution synchrotron-radiation-

based infrared nano-spectroscopy (SINS) addresses 

this gap by mapping site-specific differences in 
reactivity on single particles. Infrared nano-

spectroscopy line scans conducted after exposing the 

sample to various reaction conditions can directly 

probe differences in catalytic activity between sites on 

metal nanoparticles. 

 

Interpreting the large and complex datasets 

generated often requires advanced computational 

methodologies and significant domain expertise. 

Furthermore, experimental conditions achievable at 

synchrotron facilities may not fully replicate industrial 

process conditions, posing potential limitations in 
directly translating research findings. Therefore, while 

synchrotron radiation techniques are indispensable, 

their application requires careful consideration of 

these inherent constraints.  

 

In situ solid‑state Nuclear Magnetic Resonance 

(NMR) Techniques for Catalysis Research   

 

In situ solid-state NMR has emerged as a 

powerful tool for investigating catalytic mechanisms. 

This technique allows for real-time monitoring of 

catalytic reactions, enabling the identification of 

reaction intermediates, study of structural changes in 
catalysts and reactants, and exploration of host-guest 

interactions with catalysts under conditions closely 

mimicking real reaction environments at the molecular 

level. Currently, two main types of in-situ solid-state 

NMR technologies are prominent: batch-like setups 

[95] and continuous-flow systems [96]. In batch-like 

setups, the catalyst is prepared with reactants outside 

the NMR probe, loaded into the rotor, and then 

transferred to the probe for heating to the reaction 

temperature while acquiring NMR spectra throughout 

the process. This method is straightforward and widely 
applicable for catalytic reactions conducted under high 

temperature and pressure conditions. 

 

However, most reactions occur under 

continuous flow conditions, which differ significantly 

from static methods. Variations in flow rate can lead 

to different reaction outcomes. Continuous-flow NMR 

technology addresses this by enabling investigations 

of reaction mechanisms under realistic flow 

conditions, particularly valuable for studying 

heterogeneous catalysis. This approach closely 

replicates actual catalytic reaction processes, 
facilitating breakthroughs in understanding reaction 

mechanisms, capturing reaction intermediate species, 

and elucidating reaction kinetics. For instance, Hunger 

et al. [100–102] utilized continuous-flow NMR to 

explore the methanol-to-olefin (MTO) mechanism, 

highlighting the significance of surface methoxy 

species as crucial intermediates in C–C bond 
formation. 

 

In summary, this section underscores 

fundamental catalysis principles such as adsorption-

desorption dynamics, surface reactions, and active site 

influences on catalytic outcomes. It emphasizes the 

pivotal roles of in situ TEM and STM in probing 

molecular-scale factors affecting catalytic behavior. 

Additionally, synchrotron radiation techniques have 

revolutionized catalysis research by offering 

unparalleled sensitivity and detail through innovations 

like storage rings, insertion devices, and high-energy 
lattices. To comprehensively understand catalytic 

properties at the molecular scale, integrating in situ 

and operando techniques is essential. Electron 

microscopy provides atomic-level spatial resolution, 

revealing dynamic catalyst structures under reaction 

conditions. Spectroscopic methods such as XAS (X-

ray absorption spectroscopy), encompassing XANES 

and EXAFS, offer insights into electronic structures 

and coordination environments of catalytic sites 

crucial for understanding reactant activation and 

transformation. Synchrotron-based techniques 
enhance these spectroscopic capabilities with higher 

intensity and resolution, enabling the study of rapid 

and transient catalytic phenomena. By combining 

insights from these techniques, researchers can 

advance our understanding of catalysis, bridging 

studies from nanoparticles to single crystals to gain a 

comprehensive understanding of factors governing 

catalytic efficiency and selectivity. For example, high-

resolution IR spectroscopy, coupled with scanning 

probe microscopy, provides detailed insights into the 

coordination numbers of surface atoms and their 

impact on catalytic activity. 
 

Conclusions 

 

ULSD fuels are being developed to diminish 

of sulfur concentrations for reaching to 10.0 ppm or 

less to restrain air pollution. Advanced HDS processes 

are required to achieve zero sulfur emissions, but 

developing new processes requires high investment. 

Therefore, improving the design of high-performance 

catalysts is a more viable solution, which has the 

potential to be customized to existing HDS process 
units. P These various catalysts must eradicate 

intricate sulfur compounds through a pathway of direct 

HDS reactions, operate at medium pressure with low 

space velocity values, and exhibit exceptional 

stability. 
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Catalysts that have been promoted by transition 

metals have been promising for many years, but precise 

tuning is required for high-performance operation. The 

alumina support can be possible improved the metal-
support interaction by introducing new additive species 

or by adding a secondary support that has complementary 

property of surface, which can improve active phase 

morphology and introduce better selectivity state with 

long-terms stabilities. 

 

Several factors, including metal dispersion p 

overall supports, p metals-supports p interaction, active 

phase morphology, and stability of catalyst, are 

determining factors for the p catalytic p removal of sulfur 

p p from refractive p compounds to achieve ultra low 

sulfur diesel. Additive species can alter the interactions 
between the metal and the support material and improve 

catalyst stability to acquire active phases of type-II, 

which are comparatively exhibiting a higher level of 

activity than type-I and has lower interaction with the 

support. The dispersion factor, which includes the 

morphology parameters such as the number of stacked 

layers and the measurement of the slabs, is also a crucial 

aspect to enhance for effectively eliminating sulfur from 

compounds such as DBT and its derivatives that display 

recalcitrance. The chelating agents using can improve 

metal dispersion and enhance the involvement of 
promoter atoms in phases that are not stoichiometric, 

while delaying sulfidation and suppressing bulk sulfide 

formation. Catalysts that are not supported and are 

obtained from transition sulfides containing multiple 

metals offer great opportunities to enhance the catalytic 

properties of HDS for increasingly rigorous the process 

conditions. Different morphologies and promoters to 

additives can be inserted to get better activity or property 

of selectivity. Modelation ways using the advance 

theoretically calculations can further predict the 

peculiarities of TMS catalyst via generating empirical 

HDS outcomes and the properties related to electricity of 
catalysts that are being tested in experiments. 

 

Lastly, the development of new, better-

performing catalysts for TMS is optimistic, with recent 

experimental and theoretical reports showing great 

potential for meeting societally needs in the near and far 

future. 
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