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Abstract:  

MXenes have become one of the most actively studied emerging materials. They hold great 

promise as efficient catalysts for chemical conversion and environmental purification due to their 

unique layered structure, high specific surface area, abundant active sites, and excellent chemical 

stability. Recent breakthroughs have demonstrated MXenes and their derivatives in adsorbing, 

activating, and converting nitrogen (N2) to ammonia (NH3) via electrocatalytic and photocatalytic 

nitrogen reduction reaction (NRR). The NRR is a green and environmentally friendly NH3 

synthesis utilizing N2 and water molecules under mild conditions, unlike the current-day Haber-

Bosch technology that directly uses fossil fuel with intensive energy processes. However, the NH3 

yield and efficiency of NRR using MXene-based catalysts remain too low to meet practical 

applications. Therefore, a fundamental understanding of NRR mechanisms and their significant 

challenges should be addressed for future development. In this review, a theoretical investigation 

of the promising properties of MXenes as NRR catalysts is summarized. The recent development 

of MXenes and their derivatives in NRR and their enhancement strategies are discussed. The 

synthesis protocols to obtain tunable morphology, nanocomposites-based, and derivatives of 

MXenes are also presented. Eventually, we provide new perspectives to direct future research in 

realizing clean and sustainable NH3 production.  
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1. Introduction 

  Nitrogen (N2) is the most abundant element in the Earth's atmosphere as well as an essential 

natural feedstock for the production of intermediate chemicals, notably ammonia (NH3) and 

hydrazine (N2H4) [1,2]. NH3 alone is a primary component of fertilizer that feeds the global food 

supply [2,3]. It is also an imperative nitrogen source in manufacturing explosives, resin, and 

pharmaceuticals. In addition, N2H4 can be derived from the oxidative coupling process of NH3. 

Chemically converting or “fixing” N2 is unfortunately exhausting due to its chemical inertness 

[3,4]. In a conventional and century-old industrial making known as the Haber-Bosch (HB) process, 

the synthesis of NH3 requires massive energy to dissociate the triple bond (N≡N) of N2 [4–6]. The 

HB process generally involves N2 and H2 as feed gases with high-temperature (above 350 oC) and 

pressure (above 150 atm) using iron (Fe)− or ruthenium (Ru)−based catalysts [6,7]. Therefore, 

many researchers and scientists have been devoting effort to developing alternative sustainable 

technologies for NH3 synthesis.  

 Adopting a natural process of N2 fixation using nitrogenase enzyme in azotobacterial, an 

artificial NH3 synthesis through electrocatalytic and photocatalytic nitrogen reduction reaction 

(NRR) has gained significant attention over the last decades [8–11]. This is mainly because the 

synthesis process is possibly undertaken under mild conditions (such as room temperature and 

atmospheric pressure) with only N2 and water as the fuel sources [9,10,12–14]. It excludes a fossil 

fuel feedstock, so that further eliminates the by-product CO2. The NRR pathway during 

electrochemical and photochemical processes proceeds by adding protons and electrons [15]. The 

protons are taken from H2O molecules, and electrons come from solar energy (photocatalytic) and 

other renewable electricity sources (electrocatalytic) [15,16]. It is believed that the overall features 

of these processes can afford to tackle the environmental and energy concerns in present-day NH3 

production [14]. Unfortunately, the NH3 yield and selectivity via electrocatalytic and 

photocatalytic NRR routes are relatively low [9,17]. To date, finding an alternative, efficient, and 

non-precious metal catalyst able to compete with noble metal catalysts (e.g., Au, Pt, Pd, Ru, Ir, 

and Rh) remains a significant challenge to address the general requirement of high NH3 yield and 

excellent selectivity for NRR [18–20]. To this end, two-dimensional (2D) catalysts with large 

specific surface areas and great exposed active sites for N2 adsorption and activations are expected 

to perform well in photochemical and electrochemical N2 fixation to NH3 [21].  



In recent years, a new and large family of 2D layered materials founded in 2011, named 

MXenes, emerged as one of the most advanced materials [22]. It is evident from their substantial 

applications in various emerging fields, including energy storage systems [23–26], sensors [27–

29], catalysts [30–36], environmental remediation [37–39], biomedicals [40–42], optoelectronics 

[43–45], electromagnetic shielding [46], and even in additive manufacturing [47]. The exceptional 

properties of MXenes are obtained from their diverse chemical compositions, elemental abundance 

in the Earth, large surface dimensional ratio, tunable surface functionalities, high electrical 

conductivity, and exceptional strength and stability [48,49]. The general composition of MXenes 

is Mn+1XnTx, where M represents a transition metal, X can be either carbon and/or nitrogen, T 

represents a surface termination group (–O, –F, –OH), while n denotes 1 to 4. MXenes are obtained 

by HF selective etching from their Mn+1AXn phase precursors, where A is group III, usually 

aluminum (Al) [22,24,50]. In the NRR application, MXenes are expected to be a potential catalyst 

for electrocatalytic and photocatalytic N2 fixation based on the previously highlighted properties, 

despite the preliminary work that started not long ago. As shown in Fig. 1, in 2016, Azofra et al. 

[51] first reported a promising prospect of MXenes as novel catalysts for N2 reduction to NH3 

based on their density functional theory (DFT) investigations owing to the large spontaneous Gibbs 

free binding energy for N2 capture and activation. With a similar approach, Shao et al. [52] 

reported the efficient N2 fixation to NH3 on binary (M2C) MXenes. Following these pioneering 

computational studies, in the same year, Zhao et al. [53] performed the first experimental work on 

2D Ti3C2Tx (T= F, OH) MXene for N2 electroreduction to yield NH3 of 20.4 g h−1 mgcat.
−1. The 

design and preparation of MXenes derivatives for N2 photofixation were revealed by Liu et al. [54] 

to achieve an NH3 yield rate of 250.6 μmol gcat.
−1 h−1 under visible light irradiation. Since then, 

many researchers have devoted efforts to optimize the performance of MXenes and MXene 

derivatives-based catalysts for efficient NRR, such as introducing single-atom and molecular 

catalysts, surface engineering, morphological modification, tuning chemical composition, etc.   

 

 

 

 

 



 

 

 

 

 

 

 

Fig. 1 Historical development of MXenes as electrocatalyst and photocatalysts for N2 fixation to 

NH3. 

There are some reviews published elsewhere highlighting the progress of MXenes and 

MXene-derivatives applications, such as for photocatalysts [31,55,56], electrocatalysts [21,57,58], 

and energy storage and conversion [24,50,59,60]. More specifically, Sun et al. [61] and Leong et 

al. [62] recently provided insightful reviews on MXenes-based electrochemical NRR catalysts. 

Nevertheless, both did not summarize the recent advances in applying MXenes or their derivatives 

as co-catalysts in photochemical N2 reduction, nor predicting the NRR pathway catalysts surface 

with significant computational methods, nor screening the potential and efficient catalysts. Since 

the research progress of MXenes and MXenes derivatives is accelerating rapidly, a comprehensive 

summary on the latest development of MXenes and MXenes-derived catalysts for NRR 

applications is a requisite to provide a helicopter view of how this research field should be directed. 

Therefore, this review aims to present a timely and comprehensive discussion, starting from 

discovering MXenes as promising materials for N2 capture and fixation, followed by an in-depth 

discussion of the theoretical screening using computational simulations. We have also summarized 

state-of-the-art developments on the use of MXenes and MXenes derivatives as catalysts in NRR 

and their preparation methods. Finally, the existing challenges and perspectives for future efforts 

to optimize MXenes-based catalysts for NRR are provided. We expect this review will stimulate 

meaningful research and essential developments on these emerging MXenes catalysts.  

 

2. Mechanism of the electrocatalytic and photocatalytic nitrogen reduction reaction 

In pursuance of improving the catalytic activity and efficiency and realizing various 

strategies over the electrochemical NRR, it is important to comprehend the process of N2 reduction 



into NH3. Due to the strong non-polar N2 triple bond, the electrochemical NRR is quite challenging 

in practice and engages in heterogeneous reactions with three elementary steps of adsorption and 

activation, hydrogenation, and desorption. The N2 adsorption and activation is the first important 

step in the electrochemical NRR related to the electronic donation/acceptation process to active 

sites on the electrocatalysts' surface, thus weakening the N≡N bond. Hydrogenation involves a 

series of steps of breaking triple bonds and the formation of the N─H bonds. The desorption step 

is associated with the desorption of NH3 molecules. 

The electrochemical mechanisms of N2 reduction into NH3 are generally classified into 

dissociative and associative mechanisms according to different hydrogenation sequences and the 

breaking of the N2 triple bond [63–66], see Fig. 2. In the dissociative pathway, the N≡N bond is 

broken in the process of adsorption, which then individual N atoms are separated by a distinct 

distance. The formation of NH3 molecules from each N atom occurs independently in the 

hydrogenation step (Fig. 2). The high activation energy in this pathway is requisite to solve the 

high-kinetic energy barrier in the direct breaking process of the N≡N bond. Therefore, the 

dissociative mechanism prevailing in the current Haber-Bosch process is related to the high 

temperatures and pressures required for the N≡N bond's cleavage. 

For the associative pathway, the N≡N bond stays intact after the adsorption step but later 

breaks at a particular step in the hydrogenation process. The associative route has more 

complicated steps than the dissociative pathway and can be divided into three possible pathways: 

distal, alternating, and enzymatic pathways. In the distal pathway, after N2 adsorption, 

hydrogenation occurs at one of the two N atoms away from the catalytic surface to release the first 

NH3, and continuous hydrogenation of another N atom will produce another NH3 molecule (Fig. 

2 (a)). Unlike the consecutive hydrogenation of the distal pathway, the hydrogenation step in the 

alternating pathway takes place alternatively on the two N atoms. At first, one of the N atoms in 

the N2 molecule adsorbs on the electrocatalyst surface. After breaking the N≡N bond, one of the 

N atoms releases the first NH3, and the N─N bond breaks. The remained NH2 accepts one more 

proton to form the second NH3 molecule (Fig. 2 (a)). Meanwhile, the enzymatic pathway indicates 

a distinctive feature than the alternating and distal routes. It presents N2 adsorption laterally on the 

catalyst's surface at the first step in the enzymatic pathway (Fig. 2 (a)). The following 

hydrogenation steps are identical to those in the alternating pathway. The distal, alternating, and 



enzymatic pathways dominate electrochemical NRR because the N≡N bond's cleavage is 

unnecessary, making reactions involved in relatively mild conditions, further reducing the energy 

input. For that analogous reason, associative pathways might be considered the most favorable 

mechanism for electrochemical NRR on the MXenes catalysts. 

The catalytic NRR mechanism over photocatalysts involves several steps before the 

reduction of N2 and the generation of NH3 molecules [17]. As shown in Fig. 2 (b), at the first step, 

the photogenerated electrons and holes will occupy the conduction and valence bands during the 

light illumination, respectively. In a subsequent step, some portions of the photogenerated 

electron-holes pair will recombine, and some of them will take part in the reduction and oxidation 

reaction on the photocatalysts' surface [67]. The photogenerated holes will oxidize the H2O 

molecules into O2 molecules, while the photogenerated electrons will reduce N2 into NH3 

molecules [68]. The light intensity and wavelength are important factors for drifting these reactions. 

If the light intensity is too low, only a few photogenerated electron-holes pairs may involve in the 

redox reaction, while if it is too high, the photocatalyst may not be stable for such a long period. 

The optical wavelength should exceed the photocatalysts' bandgap energy to ensure the 

photogenerated electrons gain enough energy to jump to the conduction band.  

 

 

 

 

 

 

 

 

 

Fig. 2 (a) Various pathways of electrocatalytic and (b) photocatalytic nitrogen reduction reaction 

(NRR) mechanisms. (a) is reproduced from [62]. Copyright 2021, Elsevier B.V.  

 



3. Discovery and exploration of MXenes as N2 reduction catalyst using computational 

simulation 

Thanks to modern experimental and computational resources, investigations, and modifications on 

MXenes, electrocatalytic N2 fixation is increasingly expanded [61]. MXenes, due mainly to their 

intrinsic stable chemical bonds of N2, a mass portion of the energy is necessary to prevail over the 

kinetic limitation of NH3 production [69]. Therefore, a proper advanced modification and well-

designed MXenes-based catalyst will provide an avenue to decrease energy reaction, and the NRR 

can proceed under relatively ambient conditions. The recent theoretical approach of MXenes has 

been extensively addressed to obtain proper combination elements to form MXenes for N2 catalyst, 

especially DFT calculation [70]. DFT calculation is a common method used to study the feasibility 

of MXenes as N2 catalysts. Various DFT calculation approaches have been developed to obtain 

and predict the properties and efficiency of MXenes-based catalysts. In a pioneering study, the 

middle Ti at the edge sites appeared as an active site for the NRR [71]. The N2 dissociation also 

developed easily on the (0001) surface, where the top site above the metal ions on the MXene 

nanosheets surface was indicated as the active site for end-on adsorption of N2 [71]. Ti3C2 with a 

2D- or nanosheet structure was useful for N2 fixation, having the activity related to edge planes as 

illustrated in Fig. 3 (a) and (b) [71]. In DFT, we can also use a scaling relationship and Bader 

charge analysis to deliver an in-depth understanding of the NRR process in single-atom catalysts 

anchored on 2D MXenes [72]. In fact, even in traditional Ti3C2 MXenes, their catalysts' feasibility 

has been calculated using the DFT, resulting in excellent N2 adsorption (–1.34 eV) [73]. Also, 

according to the first DFT calculations of MXene as NRR catalysts, we could determine that V3C2 

and Nb3C2 showed the most promising candidates of all M3C2 carbides studied (M = Ti, Zr, Hf, V, 

Nb, Ta, Cr, and Mo) having high over-potentials of 0.64 eV and 0.9 eV, individually [61]. Several 

works using DFT calculations have been used to analyze the feasibility of any MXenes, including 

the Mo2TiC2−MXene that was strongly predicted suitable for electrocatalyst of NH3 synthesis 

since N2 was very easy to occupy the Mo active site and thus induced higher Faradaic efficiency 

(FE) [69]. MXene with M2X structures (M = Mo, W, Ta, or Ti; X=C or N) also have been studied 

using DFT [52], and it turned out that W2C and Mo2C monolayers for N2 fixation had higher 

efficiencies amongst other M2X−based MXenes because nearly all of the steps provided an 

exothermic reaction and relatively low reaction energy. The theoretical approach of MXenes for 

photocatalyst application has been conducted likewise. Using DFT calculations, it was reported 



that the Sc2CF2, Sc2C(OH)2, Sc2CO2, Ti2CO2, Zr2CO2, Hf2CO2, and Y2CF2 were predicted to 

exhibit semiconductor properties, including bandgaps between 0.24 to 1.8 eV, which found 

suitable for photocatalytic applications [74,75]. By computational approach, it was then predicted 

that surface termination of MXenes strongly influenced photocatalytic performance. A finding was 

that Ti3C2 with –O terminations had relatively low Gibbs free energy and excellent hydrogen 

evolution reaction (HER) activity compared to –F termination [31].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Comparison of the N2 reduction reaction pathways on: (a) basal plane and (b) edge 

plane of Ti3C2Tx MXene. Reproduced with permission from [73]. Copyright 2018 Elsevier.  

 

DFT calculation has been conducted not only for the basic structures of MXenes but also 

for incorporating other elements into the structures of MXenes for N2 catalysts. For instance, Kong 

et al. [76] have conducted a comprehensive DFT study of 26 transition metal elements supported 

on Nb2CN2 MXenes for its application to electrochemical NRR. Using the DFT study, it was 

determined that the single-atom catalyst could strongly merge with Nb2CN2 via transition metal –



3N configuration leading to its low overpotential of 0.51 V in a distal mechanism. It was also 

predicted using DFT that the incorporation of transition metal elements in Nb2CN2 could induce 

high selectivity to NRR by hindering the hydrogen adsorption and the HER. In the case of 

incorporation of single-atom catalyst (SACs) on MXenes, the DFT calculation of Ti3C2/Au 

nanocomposite showed high energy adsorbed by N2 at the site of Au with O atom anchoring could 

weaken the N triple bonds and reduce the activation energy barrier, which was responsible for their 

sophisticated average NH3 yield of 30.06 µgh−1 mgcat.
−1 and a high FE of 18.34%, accordingly [77]. 

The NRR mechanism proceeded via an alternating pathway with the potential limiting step of N2 

fixation was the transformation of the NH2NH2* group. Meanwhile, Huang et al. [78] discovered 

a different phenomenon in Ru and Mo anchored Mo2CO2 and Ti2CO2 where the NRR via distal 

pathway was preferable with a limiting potential of –0.46 V for Ru@Mo2CO2.  

Additionally, DFT calculation suggested that in TiO2/Ti3C2Tx nanocomposite, the Ti−edge 

atoms and oxygen vacancies provided in TiO2 with (101) facet served as active sites to activate 

and polarize the N molecules. NRR in this TiO2/Ti3C2Tx nanocomposite proceeded through a distal 

mechanism where the composite exhibited a low energy barrier for N2 fixation to NH3, shown in 

Fig. 4 (a) and (b) [79]. As for photocatalyst, Qin et al. used DFT calculation to understand the 

NRR mechanism of AgInS2/Ti3C2 composites [80]. The result showed a promiseful prospect in 

which the optimized adsorption configurations were chemisorbed on a Ti – Ti tripolymer center 

through an analogous dinuclear end-on coordinated mode. In this configuration, one N atom was 

incorporated with Ti – Ti tripolymer, and the rest with Ti – Ti dimers. Because of this configuration, 

large adsorption energy of about −5.20 eV was obtained; thus, the N2 activation could be 

spontaneously achieved once chemically adsorbed on MXene nanosheets. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) The optimized structures of the TiO2 (101)/Ti3C2Tx, Ti3C2Tx, TiO2 (101) surfaces for the 

NRR through distal mechanisms. (b)  Free energy scheme for the NRR on the TiO2 (101)/Ti3C2Tx, 

Ti3C2Tx, and TiO2 (101), respectively. Reprinted from [79] with permission. Copyright 2019 

Wiley-VCH Verlag GmbH & Co. 

 

4. MXenes and MXenes derivatives catalyst 

 MXenes are promising catalyst candidates of N2 capture and reduction, as their 

performances have been heretofore predicted [6–8]. Many experimental works extend the 

meaningful and substantial evidence that MXenes can perform competitively with the benchmark 

of Pt, Co, or Pd−based catalysts in reducing N2 to NH3. Besides, one most prominent advantage 

of MXene as a catalyst is that most chemicals incorporated there are earth-abundant, suggesting 

that catalyst cost can be significantly reduced without damaging the performance. In 

NH3 electrosynthesis, Ti3C2/FeOOH exhibited high FE up to 5.78% at an ultralow potential, closer 

to that of Pt metal [71]. Ti3C2Tx nanosheets by intercalation with dimethylsulfoxide (DMSO) also 

possessed excellent catalytic activity for NRR, having an NH3 yield of 20.4 µgh−1 mgcat.
−1 with an 



FE of 9.3% in acid buffer [81]. Many types of MXenes could be potentially used for the catalyst 

of the electrochemical NRR, e.g., V3C2 and Nb3C2, owing to maximum overpotentials of the 

respective 0.64 and 0.90 eV, and other various MXenes nanocomposites also reported [61]. 

Various modifications and development of MXenes through advanced synthesis and proper 

material combinations were conducted to increase the feasibility of MXenes for N2 catalyst 

applications. 

 

4.1 MXenes catalyst for electrocatalytic N2 reduction  

In possession of remarkably spontaneous Gibbs free binding energies for N2 chemisorption,  

MXenes are able to perform as a catalyst for N2 capture and reduction [51]. So far, electrocatalytic 

N2 reduction has been performed on various types of pristine MXenes, such as Ti3C2Tx, Mo2TiC2, 

V2CTx, and Nb2CN2. On the 2D Ti3C2Tx MXene nanosheets, the NH3 yield rate and FE of 20.4 µg 

h−1 mgcat.
−1 and 9.3% at −0.4 V vs. reversible hydrogen electrode (RHE), respectively, could be 

achieved [81]. It was noteworthy to mention that Ti3C2Tx MXene possessed high electrochemical 

and structural stability against the acidic environment. Conforming to the DFT calculations, 

N2 chemisorption on Ti3C2Tx could interfere with the bonds of N2 and thus could facilitate 

converting N2 into NH3. In other cases, V2CTx exhibited electrocatalyst ability owing to NH3 yield 

rate of 12.6 μg h–1 mg–1
cat. and an FE of 4% at –0.7 V in 0.1 M Na2SO4 environment and 

electrocatalytic NRR underwent a distal pathway, while Cr sites in Cr3C2 MXene were more 

favorable for enzymatic NRR route as shown in Fig. 5 (a) and (b) [82,83]. Whereas, according to 

DFT on Mo2TiC2 MXenes, Mo2TiC2  presented both valid N2−philicity and high catalytic activity 

for electrocatalytic NH3 production via a dissociation mechanism with a relatively low 

overpotential of 0.26 V, and the competing HER was simultaneously suppressed [69]. There is 

still no general agreement to conclude which N2 reduction mechanism is pursued at this stage since 

reaction pathways will differ in various MXenes.  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (a) V2CTx synthesis and free energy diagram of N2 reduction pathway. Adapted from 

[82] with permission. Copyright 2021 Springer Nature. (b) Free energy diagram of N2 reduction 

pathway on Cr3C2. Reprinted with permission from [83]. Copyright 2019 American Chemical 

Society.  

 

MXenes are typically obtained in 2D layered structures, and not impossible to modify their 

morphology into various shapes and dimensions. Importantly, morphology is one of the governing 

factors in NRR. Wei et al. [84]  discovered a significant enhancement in the NRR ability of Ti3C2 

when it was transformed into a 3D-type nanostructure (nanoribbons) as the formation of exposed 

Ti – OH sites. Moreover, 3D Ti3C2−MXene exhibited a low overpotential of 168 mV at a current 

density of 10 mA/cm2 in a 1 M KOH solution. The enhancement of electrocatalytic activity could 

be related to the hierarchical 3D architecture of the catalysts, enabling them to enhance their active 

surface area, thus promoting higher charge transfer kinetics and increasing their mass diffusion 

rate [85]. Not only in 2D or 3D forms, but quantum-dot (0D) forms of MXenes also could be 

potential to obtain high performance of NRR. It was reported that the hydroxyl-rich 

Ti3C2Tx MXene−derived quantum dots (Ti3C2OH QDs) with abundant active sites allowed the 

development of efficient NRR electrocatalysts. This material offered an NH3 yield and FE of about 

62.94 µg h−1 mgcat.
−1 and 13.30% at −0.50 V [86]. Furthermore, we find that these quantum dot 

forms of MXenes could be combined with various 2D and 3D materials to realize more enhanced 

catalyst performance. 



The surface of MXenes is of pivotal importance for their application in NRR. Instead of 

various modifications and development of their surface, maintaining the surface clean from namely 

contaminants is also essential since contamination could reduce the accessible surface area of 

MXenes for the NRR process [87]. Several attempts could be used to avoid contamination on the 

surface of MXenes, for instance, by improving the hydrophilic surface of MXenes. In general, 

controlling the surface angle during the exfoliation of 2D materials could also change the 

hydrophilic surface of 2D materials. In any case, improving the hydrophilic surface of 2D could 

also protect their surface from the contamination originated by airborne organic molecules [87]. 

In fact, a fabrication process of MXenes is essential to avoid contamination on the surface. 

Previous reports also indicated that vacuum or inert gas annealing of 2D materials at elevated 

temperatures being a common way of gaining a pristine surface and interface with the lowest 

contaminations [88,89]. Strategies to clean the surfaces from unnecessary contamination are vital 

to obtaining optimal properties of MXenes. Generally, there have been several techniques 

conducted to clean the surface of 2D materials from surface contaminants and impurities, e.g., by 

using thermal annealing/desorption, electrical current annealing, washing with some liquid 

solution; water, acids, bases, ethanol, using plasma treatment, and etching of metals [90].  

There have been numerous efforts to enhance the electrochemical activity of pristine 

MXenes, primarily to modify the surface and structural configurations. Boosting electrosynthesis 

of NH3 using MXenes could be realized via surface-engineering of MXenes itself, where the N2 

chemisorption took place [91]. As reported previously, Ti3C2−MXenes with the increased surface 

hydroxyl moieties showed enhanced production of NH3. With the hydroxyl-terminated surface, an 

NH3 yield rate and FE at −0.2 V vs. RHE at 20 °C were obtained at about 1.71 μg h−1 cm−2 and 

7.01%, respectively [92]. Further optimization by increasing reaction temperature up to 60 °C was 

effective in producing a yield of NH3 at 12.46 μg h−1 cm−2 and an FE of 9.03% at −0.2 V vs. RHE. 

The surface hydroxyl modification of MXenes, revealed by DFT, could effectively facilitate the 

electron transfer, surface adsorption, and activation of N2 [92]. It is, however, remaining uncertain 

if an F−terminated surface can improve MXene-based catalyst performance. In fact, the binding 

of M–A parts in MXenes is too strong to break, and the formation of a typical layered MXenes 

can solely be facilitated via fluorine-related methods. However, MXene terminated with –F group 

shows an inert property, damaging the electrical conductivity suggesting not favorable for catalyst. 

Thus, surface cleaning from the –F group is expected to result in a significant catalyst ability 



improvement of MXenes. Li et al. [93] reported that the fluorine-free Ti3C2Tx nanosheets with 

∼50–100 nm lateral size achieved a high NH3 yield and an FE of 36.9 μg h−1 mgcat.
−1 and 9.1%, at 

−0.3 V vs. RHE in the 0.1 M HCl environment. The size effect and fluorine-free properties turned 

the performance of Ti3C2Tx around two times higher than that of a fluorine-based treatment [93]. 

In a more recent case, supported by the DFT calculation results from Johnson et al. [91] and Xia 

et al. [92], the bond length of N2 was slightly larger in F−terminal groups than that of O−containing 

terminal groups. Ding et al. [94] investigated the effect of F−terminated Ti3C2Tx MXene in N2 

fixation. They found that a Ti3C2Tx MXene with a medium density of surface-functionalized 

fluorine terminal groups showed an enhanced NRR electrocatalyst with excellent adsorption and 

activation of N2. In aqueous solutions at the ambient environment, the Ti3C2Tx catalyst exhibited 

an NH3 production rate of  2.81 × 10–5 μmol·s−1·cm−2, which corresponded to a partial current 

density of 18.3 μA·cm−2 and an FE of 7.4% at −0.7 V vs. RHE. These results were substantially 

similar to Ti3C2Tx MXene catalysts but with either higher or lower densities of surface fluorine 

terminal groups. Therefore, there is a demand to further clarify the surface termination effect of 

MXenes in N2 activation and reduction.  

An interesting development on heterostructures comprised of MXenes and other types of 

materials towards the enhanced catalytic ability for N2 capture and reduction to produce NH3, such 

as B [95], C [5], Fe [96], Cu [97], Mo [78], Ni [98], Ru [99,100], Au [77], CuAg [101], MoS2 [79], 

ZIF−67 [102], etc. have been attempted. Single-atom catalysts (SACs) guaranteed low potential, 

high mass activity, and great selectivity for MXenes [103]. Incorporation of Cu in MXenes in 

Cu/Ti3C2 nanocomposite could remarkably convert N2 into NH3. A high FE of 7.31% in a 0.1 M 

KOH environment was obtained using Cu/Ti3C2 nanocomposite as a catalyst and a high 

NH3 production rate of 3.04 μmol h−1 cm−2 at −0.5 V vs. RHE was also successfully achieved. 

Based on the DFT calculation displayed in Fig. 6 (a), the Cu/Ti3C2 had wider conduction and 

valence bands, as well as a larger Fermi level compared with Ti3C2 alone, indicating that element 

of Cu had an important role in the enhancement of the catalytic activity, N2 selectivity, and 

conductivity of Ti3C2 [97]. In another case, Ru@Ti3C2 MXene also showed excellent catalytic 

performance in a 0.1 M KOH electrolyte environment. It was found that the NH3 yield reached 2.3 

μmol h−1 cm−2, while the FE was 13.13% at −0.4 V (vs. RHE) [100]. MXene nanosheets acted as 

support, while single-atomic Ru anchored on it played a critical part as electron back-donation 

centers for N2 activation, promoted N2 adsorption and activation, and lowered the thermodynamic 



energy barrier of the first hydrogenation step [99]. Au nanoclusters anchored in Ti3C2 “web” 

strengthened the interface adsorption, which became the driving force for lessening the triple N≡N 

bonds (evidenced from TPD profiles), and later reduced the activation energy barrier via effective 

stabilization of N2H* species and destabilized NH2NH2* under an alternative pathway as 

illustrated in Fig. 6 (b) and (c) [77].  To obtain a highly efficient catalyst process, proper choice 

of which kind of MXenes and SACs is essential. In most cases, the studies for SACs that 

incorporate MXenes were mainly focused on F−, O− and OH− functionalized MXenes. 

N−functionalized MXenes are indeed applicable, and they are even more suitable to anchor the 

transition metal atoms due to much-enhanced stability. According to a theoretical study, MXenes 

can dissociate N2 with a low energy barrier; therefore, the N−functionalization can be easily 

achieved by heating bare MXenes in the N2 atmosphere. The catalytic activity of TM anchored 

N−functionalized MXenes was also dramatically enhanced by injecting some electrons [104]. 

Moreover, most SACs could bind with Nb2CN2 strongly through a TM−3N configuration. 

Importantly, TM−Nb2CN2 presented high selectivity to NRR by blocking the hydrogen adsorption 

and preventing the HER. Moreover, the scaling relationship and Bader charge analysis provided 

an insightful understanding of the mechanism for NRR on SACs anchored on 2D MXenes [72].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 (a) DOS of the Ti3C2 and Cu/Ti3C2 composite materials. Adapted from [97]. 

Copyright 2021 Wiley-VCH Verlag GmbH & Co. (b) N2−TPD profiles of Ti3C2 (blue 

line), Au@Ti3C2 (black line), and Au/Ti3C2 (green line). (c) Free energy profile for various NRR 

pathways on Au(111), Ti3C2, and Au/Ti3C2 samples. Au, N, H, and O atoms are shown in the order 

golden, blue, white, and red. Reproduced with permission from [77]. Copyright 2020 American 

Chemical Society.  

 

As Ru and Au are expensive metals, their role could be alternatively substituted by Ti, i.e., 

Ti incorporated−Mo2CO2 (Ti@Mo2CO2 nanocomposite) could efficiently perform N2 

transformation into NH3 via different reaction mechanisms without bringing a more negative 

limiting potential [78]. Not only as a single element, but the binary up to quaternary compounds 

combined with MXenes could also enhance catalytic performance. For instance, 

CuAg/Ti3C2 nanocomposite-based-catalyst exhibited remarkable performance for electrochemical 

synthesis of NH3 under ambient conditions. In an environment of 0.1 M KOH solution at an applied 

potential of −0.5 V vs. RHE, the catalyst performance achieved an FE and NH3 production rate of 



9.77% and 4.12 μmol cm−2 h−1. It was well noted that excellent electrical conductivity and fast 

electron transport played an essential role in enhancing electrocatalytic reaction in the 

CuAg/Ti3C2 system [101]. From these significant findings, research work can intensify the 

exploration of binary and ternary or high entropy metals alloys anchored on MXenes.  

The addition of any tandem element or nanoparticles can modify the surface termination 

of MXene nanosheets achieving high surface area and catalytic reactivity of the NRR for 

electrochemical conversion into NH3. For example, in the MXene/TiFeOx−700 nanocomposite, 

where the Fe was decorated in the MXenes [96], the surface development was achieved by ironing 

inactive F*/OH* terminals to expose more active sites in the surface of the MXenes nanosheet. 

Here, the element Fe attached to the surface of the MXenes nanosheet could reduce the surface 

work function. The Fe−induced chemical changes on the MXene surface and strong coupling 

interactions between Fe and Ti species would improve the surface catalytic reactivity of MXene. 

The optimal catalyst performance of MXene/TiFeOx−700 nanocomposite was an NH3 yield rate 

of 2.19 μg h−1 cm−2 (21.9 μg h−1 mgcat.
−1) and FE of 25.44%, which outpaced many electrocatalysts 

(see Fig. 7 (a)-(f)) [96]. By means, the prediction of N2 activation will be at the edge site and is 

thus rational to switch the catalytically active sites from the basal plane of MXenes to the edge 

metal. Co−doping with N and S dopants in Ti3C2Tx (NS−Ti3C2Tx) induced a synergistic effect 

in the electron/ion transport capacity and increased the active catalytic sites. Precisely, the pyridine 

N2 doping of NS−Ti3C2Tx successfully adjusted the catalytically active sites to the edge metal as 

the presence of thiophene sulfur was mainly located at the edge [105]. The research outcome is 

speculated to guide a new research avenue on synthesizing non-metals doping for MXenes. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 (a) SEM, (b) TEM, and (c) HRTEM images of MXene/TiFeOx−700 and 

corresponding EDXS element mapping image of the MXene/TiFeOx−700 nanosheet. (d,e) 

Schematic illustration for the electrochemical reduction of N2 to NH3 by MXene catalyst and 

MXene/TiFeOx−700 catalyst. (f) Comparison of Faradaic efficiencies of MXene/TiFeOx−700 with 

the reported MXene−, Fe−, and Ti−based catalysts. Reproduced with permission from [96]. 

Copyright 2020 American Chemical Society.  

 

Like the fact that the MXene contained thermodynamically metastable marginal transition 

metal atoms, and by combining oxygen-vacancy-rich TiO2 nanoparticles with the 

Ti3C2Tx nanosheets (TiO2/Ti3C2Tx) via one-step ethanol-thermal treatment has substantially 

improved the catalytic activity [79], the oxygen vacancies served as the main active sites for 

NH3 production. The TiO2 nanoparticles could enhance the specific surface area of the Ti3C2Tx, 

showing improvement of the NH3 yield rate to about 32.17 µg h−1 mgcat.
−1

 and at −0.55 V vs. RHE, 

then giving rise to an FE of 16.07% at −0.45 V vs. RHE in 0.1 M HCl. Moreover, a 

MnO2−decorated Ti3C2Tx MXene (MnO2–Ti3C2Tx) was proposed as a highly active electrocatalyst 

for the NRR with strong durability proven by N2 yield retention over 90%. It resulted in a high 



NH3 yield and FE of 34.12 μg h−1 mgcat.
−1 and 11.39%, which was achieved at −0.55 V vs. RHE in 

a 0.1 M HCl environment. DFT investigation as a versatile tool is further used to track down 

adsorption mechanisms at a molecular level. As a result, the surface of the Mn element was able 

to serve as an active site to adsorb and activate the inert N2 molecules followed by a distal pathway 

in the process of NRR, as illustrated in Fig. 8 (a)-(d) [106]. Furthermore, MXenes as 2D materials 

could be combined using other materials (0D, 1D, 2D, and 3D) to bolster their functionality, in 

particular, to transform N2 into NH3. This included 2D-2D hybrid forms of material based-Mxenes, 

which were earlier reported to provide excellent ability as N2 catalysts. MoS2 nano spots assembled 

on Ti3C2 MXene, namely 1T−MoS2@Ti3C2, exhibited excellent N2 catalyst activity with an FE 

and NH3 yield rate of 10.94% and 30.33 μg h–1 mgcat.
–1. The 1T−MoS2@Ti3C2 nanocomposite also 

showed good stability and durability during the recycling process. The enhancement of catalytic 

performance of MoS2@Ti3C2 was induced by the synergy effect between those 2D materials; 

1T−MoS2 and Ti3C2 MXene [107].  

Various materials could be utilized for NRR catalysts, including MXenes-analogous 

related materials such as transition metal nitrides (TMNs). Kong et al. [108] reported that the 

surface termination of TMNs, such as Mo2N6, is important to determine the NRR process. Similar 

to that of MXenes, the catalytic performance of Mo2N6 was improved by atomical doping of metal, 

such as single atom, metal dimer, and heterodiatom pair [108].  Another example was CrN porous 

microspheres built up by nanocubes (NCs) which were also found as an efficient noble metal-free 

electrocatalyst for NRR [109]. The CrN enabled an NH3 yield of 31.11 µgh−1 mgcat
−1 with an FE 

of 16.6% in 0.1 M HCl electrolyte. VN nanowire on carbon cloth (VN/CC) was also disclosed 

recently to exhibit high-performance catalysts for NRR under ambient conditions. The 

electrocatalyst of this material achieved a high NH3 yield of 2.48 x 10−10 mol−1s−1cm−2 and an FE 

of about 3.58% at −0.3 V Vs. RHE in 0.1 M HCl. These outperform results for N2 fixation under 

ambient conditions were even better than those obtained under high temperatures and/or pressure 

[110]. Table 1 shows the experimental works on MXenes and MXene-based nanocomposites for 

electrocatalytic NRR, including the reaction pathway.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 (a) Stability test of MnO2−Ti3C2Tx during repeated NRR at –0.55 V in N2−saturated 

electrolytes. (b) Time-dependent current density curve of MnO2−Ti3C2Tx /CP at –0.55 V for 24 h 

in N2−saturated electrolytes. (c) Deformation charge density plot of MnO2−Ti3C2Tx 

heterostructure absorbing with N2 molecule. (d) Gibbs energy profile for the N2 reduction process 

is performed on the MnO2(110)−MXene surface through the traditional distal pathway. Reprinted 

with permission from [106]. Copyright 2019 Royal Society of Chemistry.  

 

Table 1. Experimental research on MXenes and MXene-based nanocomposites for 

electrocatalytic nitrogen reduction. 

 

Catalyst Electrolyte, 

membrane, 

cell 

Conditi

ons 

NH3 

yield 

FE (%), 

potential 

vs. RHE 

N2 reduction 

mechanism 

By-

produ

ct 

Ref. 

Ti3C2Tx (T= F, 

OH) MXene 

nanosheets 

0.1 M HCl, 

Nafion 211, 

H−type cell 

RT, 1 

atm 

20.4 g 

h−1 

mgcat.
−1 

9.3% at 

−0.4 V 

Distal 

pathway 

N2H4 [81] 



Cr3C2@C 

nanofiber 

0.1 M HCl, 

Nafion, 

H−type cell 

RT, 1 

atm 

23.9 μg 

h−1 

mgcat.
−1 

8.6% at 

−0.3 V 

Distal 

pathway 

N2H4 [83] 

MnO2−decorated 

Ti3C2Tx (T=F, 

OH)  

0.1 M HCl, 

Nafion, 

H−type cell 

RT, 1 

atm 

34.12 μg 

h−1 

mgcat.
−1 

11.39% at 

−0.55 V 

Distal 

pathway 

N2H4 [106] 

Ti3C2Tx MXene 

nanosheets 

0.01 M HCl, 

Nafion 211, 

H−type cell 

RT, 1 

atm 

4.72 μg 

h−1 cm−2 

4.62% at 

−0.1 V 

Distal 

pathway 

N2H4 [73] 

Fluorine-free 

Ti3C2Tx (T= O, 

OH)  

0.1 M HCl, 

Nafion 117, 

H−type cell 

RT, 1 

atm 

36.9 μg 

h−1 

mgcat.
−1 

9.1% at 

−0.3 V 

No 

investigation 

N2H4 [93] 

Au/Ti3C2  0.1 M HCl, 

Nafion 117, 

H−type cell 

RT, 1 

atm 

30.06 μg 

h−1 

mgcat.
−1 

18.34% at 

−0.2 V 

Alternating 

pathway 

N2H4 [77] 

TiO2/Ti3C2Tx 0.1 M HCl, 

Nafion, 

H−type cell 

RT, 1 

atm 

26.32 μg 

h−1 

mgcat.
−1 

8.42% at 

−0.6 V 

No 

investigation 

N2H4 [111] 

Oxygen-vacancy-

rich 

TiO2/Ti3C2Tx 

0.1 M HCl, 

Nafion 211, 

H−type cell 

RT, 1 

atm 

32.17 μg 

h−1 

mgcat.
−1 

16.07% at 

−0.45 V 

Distal 

pathway 

N2H4 [79] 

Single-atomic 

Ru−modified 

Mo2CTx MXene 

0.5 M 

K2SO4, 

Nafion 211, 

H−type cell 

RT, 1 

atm 

40.57 μg 

h−1 

mgcat.
−1 

25.77% at 

−0.3 V 

Alternating 

pathway 

N2H4 [99] 

Ru@MXene 0.1 M KOH, 

RDE−type 

cell 

RT, 1 

atm 

2.3 

μmol h−1 

cm−2 

13.13% at 

−0.4 V 

Distal 

pathway 

N2H4 [100] 



Surface-

engineered Ti3C2 

0.1 M KOH, 

Nafion 

H−type cell 

20 oC, 1 

atm 

 

 

 

60 oC, 1 

atm 

1.71 μg 

h−1 cm−2 

 

 

 

12.46 μg 

h−1 cm−2 

7.01% at 

−0.2 V 

 

 

 

9.03% at 

−0.2 V 

Alternating 

pathway via 

a diazene-

hydrazine 

pathway 

N2H4 [92] 

MXene/TiFeOx 0.05 M 

H2SO4, 

Nafion 117, 

H−type cell 

RT, 1 

atm 

21.9 μg 

h−1 

mgcat.
−1 

25.44% at 

−0.2 V 

No 

investigation 

N2H4 [96] 

Ti3C2 MXenes 

nanoribbons 

0.5 M KOH, 

Nafion, 

H−type cell 

20 oC, 1 

atm 

 

14.76 μg 

h−1 

mgcat.
−1 

3.1% at 

−0.5 V 

No 

investigation 

N2H4 [84] 

Hydroxyl-rich 

Ti3C2Tx QDs 

0.1 M HCl, 

Nafion, 

H−type cell 

RT, 1 

atm 

62.94 μg 

h−1 

mgcat.
−1 

13.30% at 

−0.5 V 

Distal 

pathway 

N2H4 [86] 

1T-MoS2@Ti3C2 0.1 M HCl, 

Nafion, 

H−type cell 

RT, 1 

atm 

30.33 μg 

h−1 

mgcat.
−1 

10.94% at 

−0.3 V 

No 

investigation 

N2H4 [107] 

V2CTx MXene 0.1 M 

Na2SO4, 

Nafion 

H−type cell 

RT, 1 

atm 

12.6 μg 

h−1 

mgcat.
−1 

4% at −0.7 

V 

Distal 

pathway 

N2H4 [82] 

Cu/Ti3C2Tx 

MXene 

0.1 M KOH, 

RDE−type 

cell 

RT, 1 

atm 

3.04 

μmol h−1 

cm−2 

7.31% at 

−0.5 V 

Distal 

pathway 

N2H4 [97] 

ZIF−67@Ti3C2 0.1 M KOH, 

three-

electrode 

cell 

RT, 1 

atm 

6.52 

μmol h−1 

cm−2 

20.2% at 

−0.4 V 

No 

investigation 

n.a. [102] 



N−S−doped 

Ti3C2Tx 

0.05 M 

H2SO4, 

Nafion 117, 

H−type cell 

RT, 1 

atm 

34.23 μg 

h−1 

mgcat.
−1 

6.6% at 

−0.55 V 

No 

investigation 

N2H4 [105] 

Ni 

nanoparticles/V4

C3Tx MXene 

0.1 M KOH, 

Nafion 117, 

H−type cell 

RT, 1 

atm 

21.29 μg 

h−1 

mgcat.
−1 

14.86% at 

−0.55 V 

Alternating 

pathway 

n.a. [98] 

F−terminated 

Ti3C2Tx  

0.01 M 

Na2SO4, 

Nafion 117, 

H−type cell 

RT, 1 

atm 

0.1 

μmol h−1 

cm−2 

7.4% at 

−0.55 V 

No 

investigation 

n.a. [94] 

 

4.2 MXenes catalyst for photocatalytic N2 reduction  

MXenes behave as likely as metals rather than semiconducting materials; they possess 

metallic properties, e.g., the absence of bandgap and high conductivity. Consequently, pristine 

MXenes cannot be utilized as a stand-alone catalyst due to their inability to absorb light and 

generate photoinduced holes-electrons pair. Although some researchers have demonstrated a 

tunable bandgap by surface engineering, the bandgap does not satisfy the substantial proportion of 

solar energy absorption requirement.  Alternatively, MXenes are robust supports for visible-light 

active materials to inhibit charge carrier recombination and act as co-catalyst for capturing more 

molecular N2. Within this framework, photocatalytic materials with an excellent visible-light 

absorption ability are highly required to enable MXenes towards N2 reduction to NH3.  Qin et al. 

attempted to combine 2D Ti3C2 MXene nanosheets with 0D AgInS2 nanoparticles to form a 

nanocomposite [80]. The hybrid 0D/2D forms of Ti3C2/AgInS2 nanocomposites could conceivably 

generate the accumulation of multiple electrons. In this case, the 0D AgInS2 nanoparticle had a 

large surface area and enabled access to a short charge-migration distance, while the 2D 

Ti3C2 nanosheet supported large contact areas for capturing N2. It was revealed that the 

Ti3C2/AgInS2 nanocomposites significantly improved photocatalytic NRR under simulated 

visible-light irradiation and was an outstanding interfacial charge transferability due to their 

excellent optical and photo-electro properties. For the first time, Ti3C2/AgInS2 nanocomposites 

recorded a satisfying performance for N2 fixation in which an NH3 yield rate of 38.8 μmol h−1 



gcat.
−1 under visible light illumination was achieved [80]. From the DFT calculations, N2 activation 

of Ti3C2/AgInS2 nanocomposites led to high adsorption energy (Ead = −5.20 eV) [80]. 

A combination of MXenes with other 2D materials to enhance the NRR electrocatalyst 

performance was found in the 2D/2D Ti3C2/N−defect g−C3N4 heterostructure. The referred 

combination possessed highly enhanced photocatalytic N2 fixation activity, with an NH3 yield rate 

of 5.792 mg h−1 gcat.
−1 and retention yield over 80% [55]. Its heterostructure was fabricated by 

filling the oxygen terminals of Ti3C2 in the N−defects of g−C3N4 to form C–O–Ti interactions. 

The construction of the heterointerface and the introduction of N−defects adds to rapid interfacial 

charge transfer to the active sites. The mechanism study of photocatalytic N2 fixation in these 

heterostructures revealed that the redox circle's evolution originated from the multi-valence Ti 

species during the N2 adsorption, activation, and dissociation process. The exposed edge Ti in the 

Ti3C2 was confirmed to be the active site for N2 adsorption and activation, and these Ti active sites 

enabled the desirable NRR selectivity by suppressing the competing HER [55]. 

The modification of the band structure of MXenes through proper combination with other 

elements and materials held a vital role in enhancing their photocatalyst functionality and efficient 

charge transfer mechanism in the conversion of N2 to NH3. A hydrothermal approach reported this 

issue in 1D/2D CdS nanorod@Ti3C2 MXene (CdS@Ti3C2) nanocomposites [112]. CdS 

demonstrated semiconducting properties being a suitable band structure and superior electronic 

reduction capability that efficiently lengthen the light absorption range and enhance photocatalytic 

performance of Ti3C2. Likewise, the CdS@Ti3C2 showed an excellent photocatalytic N2 fixation 

rate of 293.06 μmol L−1 h−1, photocatalytic HER rate of 63.53 μmol h−1, and apparent quantum 

efficiencies (AQE) of 2.28% and 7.88%, which was higher than pure CdS and another CdS−based 

nanocomposite, e.g., CdS@Pt (Fig. 9 (a)). Moreover, CdS@Ti3C2 nanocomposite also obtained 

great long-term stability under simulated sunlight irradiation during the photocatalyst process, 

evidenced by a stable photocurrent as displayed in Fig. 9 (b).  

An in-depth insight into the N2 conversion reaction pathway should be an area of interest, 

besides the well-established charge separation and transfer during the photoreduction N2 

mechanism (see Fig. 9 (c)). Qin et al. [113] investigated the possible fixation pathways on 

Ti3C2−QD/Ni−MOF nanosheets. The Gibbs free energy and the corresponding N–N bond length 

of the N2 fixation pathways on the Ti3C2−QD/Ni−MOF nanocomposites surface are shown in Fig. 

9 (c)-(d). N2 fixation started from the activation of the energy barrier of 0.74 eV, which led to N–



N bond elongation from 1.098 to 1.118 Å. After that, the electrons transfer occurred from the 

d−orbital of Ni sites to the N≡N triple bond. The reaction proceeded via the distal hydrogenation 

pathway, which offered a more straightforward and selective hydrogenation process followed by 

more stretch of N–N bond from 1.196 to 1.266 Å until the release of the first NH3 molecule. The 

abundant intermediate of the N2Hy was found as supporting evidence of FTIR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 (a) The NH4
+ production rate and (b) photocurrent response of CdS NRs, CdS@Pt, 

and CdS@Ti3C2−15 composite under simulated solar light illumination. (c) Energy band positions 

of Ti3C2−QD/Ni−MOF.  (d) Change in the N−N bond length and the free-energy change against 

the reaction coordinate during the reaction process. (a) and (b) are reprinted with permission from 

[112]. Copyright 2021 Elsevier. (c) and (d) are reproduced with permission from [113]. Copyright 

2020 American Chemical Society.  

 

MXenes have been well-known for their vast surface area, excellent electrical conductivity, 

and effective chemisorption/activation of N2 molecules, which are prominent properties to 

improve the photocatalytic NH3 synthesis performance of the P25 and g−C3N4 photocatalysts for 

as efficient co-catalysts [114,115]. The combination of MXenes with those photocatalysts 



increased the production yield of NH3 to multi-folds compared to the pristine photocatalysts under 

the same full-spectrum light irradiation. An in-depth investigation revealed the immense 

contribution of oxygen vacancies and exposed edge Ti of Ti3C2Tx MXenes as an active center for 

N2 absorption and activations, which led to excellent selectivity and a reduced competing HER. 

An in-depth investigation revealed the immense contribution of oxygen vacancies and exposed 

edge Ti of Ti3C2Tx MXenes as an active center for N2 absorption and activations, which led to 

excellent selectivity and a reduced competing HER. The photocatalyst tandem should be 

adequately designed because not all photocatalysts are well-suited with MXenes. Following 

considerations should be justified: (i) The position of the valence band should be lower (more 

positive) than the potential of oxygen evolution, and the position of the conduction band should 

necessarily be higher (more negative) than the reduction of N2 hydrogenation potential. (ii) It is 

important to design photocatalysts with small bandgap energy, preferably within the visible light 

energy, to optimize natural sunlight utilization. However, the bandgap structure should meet the 

oxidation and reduction potentials mentioned above. (iii) The matching band structures between 

photocatalysts and MXenes will facilitate the charge transfer process at the interface. It should be 

noted that MXenes are mainly metals whose work functions are mostly higher (more negative) 

than many photocatalysts. Therefore, the resulting band structures of the composite should not 

inhibit the N2 hydrogenation reaction. The recent investigation of MXenes as co-catalyst and 

support materials for N2 photoreduction and conversion to NH3 is compiled in Table 2.  

 

Table 2. MXene-based nanocomposites for photocatalytic nitrogen reduction. 

Catalyst Conditions Scavenger Light 

source 

Testing 

method 

NH3 yield rate Stability 

(yield 

retention) 

AgInS2/MXene 

[80] 

N2 

atmosphere, 

RT, and AP 

CH3OH 300 W 

Xenon 

lamp  

Indophenol blue 3.88 μmol h−1 

gcat.
−1 

(AQY=0.07%) 

(λ > 400 nm) 

15 h (~73%) 

RuO2−loaded 

TiO2−MXene 

[116] 

N2 gas (50 

ml/min), 

RT, and AP 

No Xenon 

lamp 

irradiation 

(100 mW 

cm−2) 

Salicylic acid-

hypochlorite 

45 μmol L−1 h−1 

gcat.
−1 

6 h 

(~84.4%) 



Ti3C2−QD/Ni−M

OF [113] 

 

N2 gas (10 

mL/min), 

25oC, AP 

Na2SO3  300 W 

Xenon 

lamp 

(simulated 

solar light 

irradiation) 

Nessler's 

reagent  

88.79 μmol h−1 

gcat.
−1 

(AQY=0.139%) 

9 h (~98%) 

Ti3C2Tx/TiO2 

hybrid structures 

[117] 

N2 gas (30 

mL/min), 

25oC, AP 

No Xenon 

lamp (250 

mW cm−2) 

Nessler's 

reagent 

 

Indophenol blue 

 

Ion 

chromatograph 

422 μmol h−1 

gcat.
−1 (λ > 320 

nm) 

(AQY=0.07%) 

 

50 μmol h−1 

gcat.
−1 (λ > 630 

nm) 

(AQY=0.05%) 

 

10 (~90%) 

CdS 

nanorod@Ti3C2 

MXene [112] 

N2 gas (30 

mL/min), 

RT, AP 

CH3OH 300 W 

Xenon arc 

lamp 

Nessler's 

reagent 

 

293.06 μmol 

L−1 h−1 

(AQY = 7.88%) 

6 h 

(~97.94%) 

Ti3C2/N−defect 

g−C3N4 [115] 

N2 gas (30 

mL/min), 

35oC, AP 

CH3OH 300 W 

Xenon 

lamp 

Nessler's 

reagent 

 

5.792 mg h−1 

gcat.
−1 

18 h (~83%) 

Co/MXene/TiO2 

[118] 

N2 gas (80 

mL/min) 

No 300 W 

Xenon 

lamp  

Nessler's 

reagent  

110 μmol h−1 

gcat.
−1 

18 h (~99%) 

P25/Ti3C2 [114] N2 gas (200 

mL/min), 

RT, AP 

CH3OH 300 W 

Xenon 

lamp 

Ion 

chromatography 

43.44 μmol. 

gcat.
−1 

No 

investigation 

AQY = Apparent quantum yield 

RT = Room temperature 

AP = Atmospheric pressure 

 

4.3 MXenes-derived catalysts for N2 reduction to NH3 

The chemical composition of MXenes is diversified and versatile, owing to being flexibly 

synthesized from one or two transition metal elements combined with carbide or nitride and 



terminated with surface functional groups. According to the recent report, over 150 compositions 

have been experimentally and theoretically explored MXenes [22,70,119]. With this particular 

property, MXenes can be potentially derived into many compelling catalysts for NRR as its 

extensive application in energy storage and general catalysts are getting real. Despite the fact that 

it remains in an early stage of development, we present the latest progress of MXene-derived 

catalysts for NRR herein.  

As one of the MXenes-derived catalysts, the TiO2@C/g−C3N4 heterojunction was 

thermally derived from Ti3C2Tx coupled in situ with g−C3N4 nanosheets, as shown in Fig. 10 (a). 

Derivatives TiO2 morphology consisted of the aggregated small-sized bipyramids and large-sized 

nanocuboids. The heterojunctions exhibited numerous significances, such as abundant surface 

defects, high electron-donating ability, adequate light-harvesting ability, exquisite charge transport 

properties, and strong N2 activation ability having an NH3 production rate of 250.6 μmol 

gcat.
−1 h−1 under visible light irradiation, which suggested a suitable N2 electrocatalyst (Fig. 10 (b)) 

[54]. Another work from Zhao et al. explored material derivation from MXenes: anatase and rutile 

phases of TiO2. They have successfully combined the TiO2 and carbon forming TiO2/carbon 

nanocomposites with a sandwich design from the annealing process of MXene. The TiO2 phase 

could be easily turned into anatase and rutile phases. With the aid of 0.1 M Na2SO4 electrolyte, 

anatase TiO2/C composites resulted in excellent N2 catalytic performance compared to the rutile 

TiO2/C fabricated regardless of a similar method used. The NH3 yield rate of 14.0 μg h–1 cm–2, 

high FE of 13.3% at −0.2 V vs. RHE, and excellent electrochemical stability were clearly achieved. 

The authors attributed the sandwich architecture of the well-dispersed anatase TiO2 nanoparticles 

on the surface of carbon layers to improve the conductivity of TiO2. Additionally, the composite 

design enabled exposure of the active sites and increased the N2 catalytic activity of anatase TiO2/C 

composites. According to DFT calculations, the improvement of catalytic activity was mainly 

caused by the energy barrier of the most steps surface of the anatase TiO2 that relatively lower than 

that of rutile TiO2, marking NRR performance for anatase TiO2/C composites way better than the 

rutile TiO2/C composites [120].  

The thermal calcination warrants the successful derivation of MXenes with some 

interesting surface properties. Recently, oxygen vacancy-rich C/TiO2 (OV−C/TiO2) was 

successfully fabricated using a one-step calcination approach by Ti3C2 MXene as the precursor 

[121]. The derived morphology comprised of TiO2 layered structures decorated with a regular 



octahedral structure with sizes of 100−300 nm was confirmed by SEM in Fig. 10 (c). The 

NH3 yields of Ti3C2−derived OV−C/TiO2 were much higher than those on commercial anatase 

TiO2 and P25 catalysts, established by more efficient chemisorption of N2 compared to 

commercial anatase TiO2. The work also investigated the effect of proton sources on 

NH3 production rates. Employing H2O as the only electrolyte gave 41.00 µmol gcat.
−1 h−1 while 

adding CH3OH into the system boosted the yield rates to 84.00 µmol gcat.
−1 h−1 (Fig. 10 (d-e)). 

DFT calculations further suggested that excellent N2 conversion to NH3 through a Gibbs free 

energy released in OV−C/TiO2 leading alternating pathway with low energy barriers on the oxygen 

vacancy of the TiO2 surface Fig. 10 (f).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 (a) Schematic illustration of the synthesis process and (b) NH3 production under 

visible light irradiation (λ > 420 nm) of TiO2@C/g−C3N4. Reproduced from [54]  with permission. 

Copyright 2018 Royal Society of Chemistry. (c) SEM images of SEM images of OV−C/TiO2−600. 

Control experiments of NH3 generations for OV−C/TiO2−600 with (d) H2O as the proton source 



and (e) CH3OH as the proton source. (f) Reaction pathway for the N2 conversion into NH3 in the 

site of oxygen on the surface of TiO2. Reprinted with permission from [121]. Copyright 2021 

Wiley-VCH Verlag GmbH & Co. 

As previously mentioned, various material derivation was found depending on the parent 

material of MXenes. TiO2 may become one of the derivation materials from Ti−based MXenes 

that widely explored so far, especially for NRR applications. A series of 3d, 4d, and 5d−transition 

metal M2C (M = Sc, Ti, V, Cr, Mn, Fe, Zr, Nb, Mo, Ta, and Hf) MXenes were named promising 

for the NRR applications [122]. Thus, as likely Ti−based MXenes derived into TiO [121], V−based 

MXenes into V2O5 [123], other types of MXenes as parent materials also could be possible derived 

into various materials prior to N2 catalyst application. To put into context, MnO2 ─from Mn−based 

MXenes reported improving the N2 catalytic ability of Ti3C2Tx [106]. A recent report worked on 

the possibility of the Nb based−Mxenes derivatives, such as Nb2O5, to be utilized as N2 catalysts. 

In later exploration, 2D MXene-derived niobium pentoxide/carbon/niobium carbide/graphite-like 

carbon nitride (Nb2O5/C/Nb2C/g−C3N4) heterojunctions were found promising as photocatalysts 

for NRR in water. In such a case, Jiang et al. [68] prepared the 

Nb2O5/C/Nb2C/g−C3N4 heterojunctions using uniformly growing Nb2O5 on Nb2C and was 

followed by the formation of g−C3N4 nanosheets in situ on Nb2O5/C/Nb2C. The optimized 

Nb2O5/C/Nb2C/g−C3N4 sample gave a high NRR of 0.365 mmol h−1 gcat.
−1, which was 9.1 times 

larger than MXene derived Nb2O5/g−C3N4 composite alone. The catalytic activity improvement 

of Nb2O5/C/Nb2C/g−C3N4 could be associated with the enhanced photogenerated electron-hole 

separation efficiency attributable to the short-range directional charge transmission over the close 

interfacial contact between Nb2O5 and Nb2C. The N2 photo fixation process may have influenced 

the Schottky junction formed at the Nb2O5 and Nb2C interfaces. Furthermore, with the adjusted 

pH ~9 made by NaOH solution, the NRR efficiency of Nb2O5/C/Nb2C/g−C3N4 reached 0.927 

mmol h−1 gcat.
−1 or 2.5 times larger than without adjusting treatment.  

Mo−based material is a viable candidate for the efficient electrocatalytic NRR [124]. 

MXene containing Mo atom can be potentially derived into a Mo−based catalyst. Although no 

report about it yet, its performance could be expected according to the preceding work by Wang 

et al., as they combined the MoO2 nanoparticles with reduced graphene oxide (MoO2/RGO) for 

ambient condition, electrocatalytic NRR presented a high activity with an NH3 yield of 37.4 μg 

h−1 mgcat.
−1 and an FE of 6.6% at −0.35 V (vs. RHE) in 0.1 M Na2SO4 environment [125]. With 



the rapid growth of research on MXene derivatives, a more informative and systematic 

investigation of their N2 reduction properties is exciting and worth waiting.  A summary of MXene-

derived N2 catalyst is compiled in Table 3.  

 

Table 3. MXene-derived catalysts for efficient nitrogen reduction. 

 

 

4.4 General strategies to improve the NRR performance of MXenes and their derivatives 

 The comprehensive discussions on the recent advances of MXenes and their derivatives 

for N2 reduction catalysts have shown a straightforward demonstration of their promising 

performance. Herein, we include the general strategies which may further improve the 

electrocatalytic and photocatalytic performances for NRR based on MXenes derivatives as listed 

below: 

 Doping; various doping has been recently used to improve the electrocatalytic performance of 

MXenes. For instance, metal atoms could change the relevant reaction mechanism (from 

Volmer-Heyrovsky to Volmer-Tafel), promote electron redistribution on the surface of the 

Type of 

MXenes 

Derivatives Synthesis 

method 

Derived morphology NH3 

yield 

Ref. 

Ti3C2Tx 

MXene 

TiO2@C/g−C3N4 One-step 

calcination 

TiO2 nanocrystals 

composed of the 

aggregated small-sized 

bipyramids and large-

sized nanocuboids 

250.6 

μmol 

gcat.
−1 h−1 

[54] 

Ti3C2Tx 

MXene 

Anatase TiO2/C 

Composites 

Thermal 

annealing 

2D carbon layers with 

embedded TiO2 particles 

(sandwich architecture) 

14.0 μg 

h−1 cm−2 

[120] 

Nb2CTx Nb2O5/C/Nb2C/g−C3N4 CO2 

oxidation 

at 850 oC 

Nb2C layered with 

decoration of Nb2O5 

nanocrystal 

0.365 

mmol h−1 

gcat.
−1 

[126] 

Ti3C2Tx 

MXene 

Oxygen vacancy-rich 

C/TiO2 

One-step 

calcination 

TiO2 octahedral 

structure- decorated 2D 

layered structures  

84.00 

µmol 

gcat.
−1 h−1 

[121] 



MXenes, and thus enhance the properties required for NRR catalytic, such as conductivity, 

stability, and adsorption [127]. As for photocatalyst, doping could solve the problem by easy 

recombination of photoelectrons and holes, improving its light-harvesting by suitable bandgap 

adjustment, and improving surface functional groups [128].  

 Composing; combining MXenes with other materials as composite forms could improve the 

electro- and photo-catalyst performance of MXenes. Interfacial coupling between MXenes and 

the companient materials is pivotal because it can facilitate the charge carriers' 

separation/transfer. Composing MXenes with other materials also enabled to improve the 

stability [129].  

 Low dimension formation, size, and morphology; enhancement of the NRR activity of MXenes 

in most cases have been promoted due mainly to more specific surface areas for interfacial 

interaction between materials and molecular N2. Therefore, a suitable choice of low dimension 

formation, size, and morphology are important to determine the catalytic properties. For 

instance, in quantum dot form, MXenes have abundant active sites that allow the development 

of efficient NRR catalysts.  

 Surface engineering; the surface hydroxyl groups were considered to effectively facilitate the 

electron transfer and promote the adsorption and activation of dinitrogen [92].  

 Strain engineering; this method was found feasible to improve the photocatalytic performance 

of MXenes since train engineering tuned the bandgap and the effective mass and thus electron's 

mobility [130]. In general, strain engineering could vary the electronic structures of MXenes, 

further reflecting on their optical properties, which were essential for photocatalytic 

performance [131]. Strain also could be used to tune the type of transition, such as type-I/type 

II transition in MXenes, which then affect the optical properties of MXenes [132].  

 

 

 

 

 

 



5. MXenes and MXenes-derived catalysts preparation  

Following the insightful discussion on the MXene and MXene derivatives application for 

NRR catalysts, it is essential to focus on their preparation protocols to accelerate the research 

progress further. Numerous fabrications methods such as mechanical or ultrasonic mixing, 

electrostatic self-assembly, hydrothermal and solvothermal treatment, and calcination processes 

were mainly used to synthesize MXene-based and MXene-derived catalysts [31]. With the 

increasing demand for MXenes for NRR catalyst applications, we assure there will be extensive 

synthesis methods of MXenes in various forms such as 0D, 1D, and 3D, other than the 2D form 

currently explored. Therefore, we overview recent synthesis and properties of MXenes for N2 

catalyst applications, including single flakes MXenes from 3D to 0D structures, MXenes 

nanocomposites, and MXenes derivatives materials as depicted in Fig. 11. The overview of 0D to 

3D forms herein is not limited to the forms of Mxenes alone, but several combinations of 0D, 1D, 

2D, and 3D forms of tandem materials with general 2D MXenes, i.e., intercalated of 0D and/or 1D 

tandem materials into 2D MXenes nanosheet. 

 

5.1 Synthesis of 0D MXenes  

 The 0D MXene consistently exhibits excellent catalyst capability for its high surface free 

energy and unsaturated coordinated atom within an overly small region, although a skeletal 

framework should support the utilization to hinder the agglomeration. Up to now, 0D MXenes 

catalysts have shown encouraging results of the carbon dioxide reduction reaction (CO2RR), NRR, 

and HER.  The mechanical related or ultrasonic mixing methods were the easiest way to prepare 

MXenes-based photocatalyst [9] via strong mechanical stirring and high-power ultrasonic 

vibration into various MXenes forms; with 0D is no exception. This method is involved in the top-

down method process of synthesis 0D materials [133]. Top-down fabrication is done by breaking 

or crushing the parent material MXenes into small pieces ─later called 0D or quantum nanodot 

(QDs) as they are in a quantum size regime (the dimensions or sizes of materials 

are smaller than their characteristic of exciton Bohr radius). Various top-down fabrication 

methods of 0D MXenes were conducted recently, constituting hydrothermal process, sonication, 

solvothermal, etc.  A study by Xue et al. successfully fabricated Ti3C2 MXenes QDs via a facile 

hydrothermal method by cutting the bulk Ti3C2 MXene as a starting material. This procedure 



greatly influenced different morphologies of colloidal Ti3C2 QDs by the reaction temperature 

[134]. Meanwhile, Lu et al. fabricated the Ti3C2 QDs through a two-step facile solvothermal route, 

with bulk Ti3C2 as a starting material and oleylamine (OLA) as a surface passivation agent [135]. 

In addition, Qin et al. reported fabricating the Ti3C2Tx QDs with high yield (60%) from 2D 

Ti3C2Tx using facile tetramethylammonium hydroxide (TMAOH) reflux-assisted approach [136]. 

The Ti3C2 QDs also have been synthesized via ultrasonication of 2D Ti3C2 MXenes using the 

subsequent dispersion process in the dimethyl sulfoxide (DMSO) solution under an N2−protected 

environment [137]. 

On the other hand, the bottom-up method is referred to as the “knit” process of a series of 

small an/organic molecules or oligomers under a relatively mild condition. The typical bottom-up 

synthesis methods include chemical oxidation, combustion, hydrothermal/solvothermal, 

microwave synthesis method, template method, etc. [133]. However, no one previously reported 

that 0D MXenes were prepared using bottom-up approaches to the best of our knowledge. In most 

cases, the MXenes are generally 2D materials that act as “starting” to obtain 0D forms by breaking 

the 2D ones into 0D forms. At this rate, the 0D forms of MXenes could only be found using top-

down methods. 

The MXenes QDs are possibly combined with various materials to develop a 

nanocomposite. Different fabrication methods of nanocomposite based-MXenes QDs have been 

conducted. For instance, g−C3N4@Ti3C2 QDs nanocomposites were fabricated by a combination 

of DMSO and hydrothermal sonification process using PEI [138]. In this nanocomposite, the 

Ti3C2 QDs improved the specific surface area of g−C3N4 and boosted the active site's density [138]. 

Another report came with a similar configuration with the addition of TiO2 to form a 2D/2D/0D 

nanocomposite, namely TiO2/C3N4/Ti3C2 (T–CN–TC) [137]. The nanocomposite was successfully 

fabricated following several steps of chemical routes; (i) the fabrication of 2D 

TiO2 nanosheets with single-layered mesopores via hydrothermal-induced solvent-confined 

monomicelle self-assembly, (ii) synthesis of mesoporous TiO2/C3N4 core-shell nanosheets using 

the thermal condensation, and (iii) electrostatic assembly of Ti3C2 QDs with the C3N4 shell, 

producing the TiO2/C3N4/Ti3C2 (T–CN–TC) composite [137]. Zeng et al. [139] synthesized an 

0D/1D nanocomposite of Ti3C2 QDs/Cu2O nanowire via a facile self-assembly method. The Ti3C2 

QDs in this way could uniformly be distributed on the surface of Cu2O nanowires. The Ti3C2 QDs 

enhanced the Cu2O nanowires' stability, increased active sites, and greatly improved the light 

https://www.sciencedirect.com/topics/chemical-engineering/dimethyl-sulfoxide
https://www.sciencedirect.com/topics/chemical-engineering/nanosheets


adsorption and charge transfer. Also, Ti3C2−QDs combined with 2D nickel metal-organic 

framework (Ni−MOF) were successfully fabricated using a facile self-assembly method forming 

type II heterojunctions. The nanocomposites exhibited an enhancement of absorption ability and 

excellent interfacial charge-transfer capabilities [113].  

5.2 Synthesis of 1D MXene  

 The 1D materials refer to the materials preferable to be crystallized in single directions and 

negligible in 2Ds. The materials include nanorods, nanowire, nanoribbon, and nanotubes. A 2D 

MXene basically could be tailored into 1D forms to enhance their functionality. The 2D 

transformation into 1D is quite tricky because the crystal growth direction of MXenes should be 

able to grow in only one direction and be restricted to the other sides. It is contradictory with the 

formation nature of MXenes that has general forms of 2D and grows in two directions. 

Nevertheless, there are always open opportunities in research. Lian et al. [140] and Wei et al. [84] 

have successfully fabricated MXene nanoribbons from pristine Ti3C2 MXene by continuous 

shaking treatment in an aqueous KOH solution. In principle, alkali treatment enabled the surface 

group transformation from –F into –OH, thus increased the rapid adsorption and intercalation of 

K+ into the layers. The mechanical shaking treatment increased the diffusion of OH– and K+ along 

the channels of interlamination; it contributed to the O−terminated MXene nanoribbons and thus 

split MXene nanoribbons from the delaminated sheets [140]. Using a similar method, 

KOH−assisted treatment, Ti3C2 MXene nanoribbons could be fabricated directly using the Ti3AlC2 

MAX phase. The OH– could now act as “the scissor” to cut Ti–C bonds, thus fabricated the crack 

propagating to the edge to form nanoribbons [141]. Moreover, Li et al. studied the effect of KOH 

solution concentration in fabricating Ti3C2 MXene nanoribbons. They found that the concentration 

of KOH solutions was critical to determine the morphology and quantity of Ti3C2 nanoribbons 

[142].  

On the other hand, the 2D forms of MXenes with large surface areas have been combined 

with 1D materials to increase their surface functionality. The 1D/2D CdS nanorod@Ti3C2 MXene 

(CdS@Ti3C2) nanocomposites, for example, were prepared in a hydrothermal treatment. In this 

case, the CdS nanorod with wide optical absorption was placed on the surface of 2D MXenes, 

enabling the enhancement of the light absorption photocatalytic performance better than pure CdS 

and another CdS−based nanocomposite such as CdS@Pt [112]. Another result reported by Yu et 



al. integrated MXenes CrC2 nanoparticle−embedded carbon nanofiber via the electrospinning 

technique, which then this MXenes-based nanofiber composite was being used for N2 fixation 

under ambient conditions [83].  

Various reports on 1D/2D MXenes-based heterostructures were done to increase and 

improve the functionality of MXenes, involving MXenes derivatives, such as MXene-derived 

heterostructures of nanoribbon-like Na0.23TiO2/Ti3C2 and NaTi8O13/NaTiO2 nanoribbons /Ti3C2 

with its unique sandwich structure [143,144]. Dong et al. also managed to fabricate 

Ti3C2 MXene−derived NaTi1.5O8.3 nanoribbons and K2Ti4O9 nanoribbons through simultaneous 

Ti3C2 oxidation and alkalization [145]. MXene-derived carbon nanotube network that encapsulated 

CoS2 nanoparticles (CoS2/CNTs/TiOxNy) heterostructure was also successfully synthesized [146].  

5.3 Synthesis of 2D MXenes  

The 2D MXenes are general forms of MXenes, derived from 3D MAX phases and prepared 

mainly by selective etching of the A element layers from the 3D MAX phases [147]. Since 2D as 

an available form of MXenes has been widely discussed in many articles, we focus on the 2D-2D 

hybrid forms of nanocomposite-based MXenes. The complete guidelines of how MXenes were 

synthesized and processed were discussed by Gogotsi's group [148].  The 2D/2D nanocomposite 

was forecasted to be more efficient and more surface reaction sites for the photocatalysis process 

than 0D/2D and 1D/2D architectures [31]. The 2D-2D hybrid forms of MoS2 nano spots assembled 

on Ti3C2 MXene, known as 1T−MoS2@Ti3C2, exhibited excellent N2 catalyst activity. The 

1T−MoS2@Ti3C2 nanocomposite also presented magnificent stability and durability during the 

recycling process. The enhancement of catalytic performance of MoS2@Ti3C2 was induced by the 

synergy effect between those 2D materials; 1T−MoS2 and Ti3C2 MXene [107]. Sun et al. also 

successfully simulated an excellent N2 photocatalyst of a novel 2D/2D Ti3C2/N−defect g−C3N4 

heterostructure. The CT−CN nanosheet heterostructure was achieved by filling the oxygen 

terminals of Ti3C2 in the N−defects of CN to form C–O–Ti interactions. The assembly of CN and 

Ti3C2 was done via an electrostatic adsorption and heat treatment process [115]. Almost similar to 

this report, Zhao et al. fabricated 2D g−C3N4 composed of 2D MOFs (cobalt 1,4−benzene 

dicarboxylate, CoBDC) and Ti3C2Tx through an interdiffusion reaction strategy [149]. The 2D/2D 

heterointerface of ultrathin Ti3C2/Bi2WO6 nanosheets was reported using in situ growth of 

Bi2WO6 nanosheets on the surface of the Ti3C2 nanosheets [150].  



 

5.4 Synthesis of 3D MXenes 

 The 2D MXenes are generally derived from the 3D MAX phase as the parent material. 

However, 2D MXenes could also be categorized as 3D materials when they crystalized at three 

growth directions or, the 2D sheet of MXenes was heavily three-dimensionally stacked at vertical 

direction [75]. Transforming the 2D MXenes into 3D forms could overcome the re-stacking 

problem, easily control undesirable oxidation, and widen the development horizon of MXenes-

based functional materials [151,152]. Unlike graphene, the 3D MXenes macro assembly directly 

from the individual 2D sheets was tough to achieve the MXenes intrinsic property [151]. It was 

essential to design a simple and efficient strategy that allowed the easy transformation of 2D into 

3D architectures with exposed surface facets without compromising the compositional integrity 

and inherent stability of MXenes [152].  

 Zhang et al. successfully transformed the 2D T3C2Tx Mxenes into 3D carbon-coated 

T3C2Tx architecture, namely 3D tremella-like architecture (T−MXene@C), using self-

polymerization of dopamine over the surface of T3C2Tx nanosheets as a parent material then treated 

in freeze-drying and carbonization under an inert air atmosphere. The self-polymerization of 

dopamine not only enabled the transformation of 2D T3C2Tx into 3D tremella-like architecture, 

but its subsequent carbonization resulted in complete coverage of a thin carbon coating that 

preserving the structure from both air-oxidation and structural aggregation [152]. Yuan et al. 

succeeded in fabricating the 3D T3C2Tx via an electrospinning technique coupled with a self-

assembly approach [153]. Later, Shang et al. fabricated 3D structured hydrogel MXenes using the 

gelation method from 2D MXene sheets assisted by graphene oxide and reductant [151]. Liu et al. 

proposed a facile strategy to construct 3D hierarchical porous Ti3C2/bimetal−organic framework 

(NiCo−MOF) nanoarchitectures [154]. Hydrogen bonds induced these 2D Ti3C2 nanosheets 

coupled with NiCo−MOF nanoflakes forming 3D nanocomposite films through a vacuum-assisted 

filtration technique. The 3D forms of MXenes would be easier to realize when they are in the 

nanocomposite forms, which means they are stuck in a medium binder. To this extent, the MXenes 

in 0D and/or 2D would be formed in various 3D forms. MXenes stuck in the medium binder are 

easier to assemble in 3D using varied synthesis methods. 

 



 

 

5.5 Synthesis of MXenes derivatives 

Research and development of the nanostructures derived from MXenes compounds are still 

in primitive development. Much effort should be devoted to the architecture design of MXenes 

derivatives in the future, especially for NRR electrocatalyst applications. Since Ti3C2Tx MXenes 

could be derived into various materials, TiO2−derived MXene is one of its kind [59]. Tang et al. 

accomplished fabrication of layer-stacked a−TiO2 by a two-step oxidation route from HF−etched 

Ti3C2Tx. The two-step oxidation comprised the hydrothermal treatment prior to calcination to 

alleviate the abnormal grain growth resulting in a 2D morphology composing a−TiO2 

nanoparticles. The formed nanoparticles were due to the formation of carbon during the 

hydrothermal oxidation of Ti3C2Tx, which could hamper mass diffusion through the crystal 

boundary during calcination [155]. Wang et al. fabricated the MXene-derived mesostructured of 

the TiO2–graphene composite prepared by oxidizing Ti3C2 MXenes with H2O2. The obtained TiO2 

was thus mixed with graphene, calcined, and freeze-dried under an argon atmosphere [156]. 

Instead of TiO2, Dong et al. oxidized and alkalized the HF−etched Ti3C2 simultaneously with a 

mixed solution of NaOH (or KOH) and H2O2 to synthesize ultrathin nanoribbons of sodium 

titanate and potassium titanate under hydrothermal conditions [157]. Moreover, the micron-sized 

nanoporous V2O5 arrays derived from V2CTx MXenes through a one-step annealing process were 

also reported by regulating the temperature and heating rates [157]. Other works include TiO2@C 

composites that have been successfully fabricated via a ball milling of Ti2C powders, treated Ti3C2 

sheets with 30% H2O2 at room temperature to synthesize Ti3C2/TiO2−x nanodots, and facile 

synthesis using hot water (60 oC) to oxidize the Ti3C2 to obtain a series of TiO2/Ti3C2@amorphous 

carbon composites [158]. 

Choosing a proper fabrication method is necessary to modify the MXenes into their derived 

materials efficiently. Zhong et al. suggested that calcination and hydrothermal oxidation methods 

were the most fabrication techniques that are widely used in the material derivation of MXenes, 

particularly for photocatalyst applications [31]. As mentioned, TiO2 is the most used material 

derivation of MXenes for N2 catalyst applications that could be derived by oxidizing CO2 with 

Ti3C2. Earlier reported that the CO2 molecule could break the Ti−C bonds in Ti2C3, resulting in 



the formation of TiO2. This method could be further improved by carbon- and sulfur-doped TiO2 

via sulfur intercalation of Ti3C2 and a two-step oxidation process [158]. Kong et al. prepared 

TiO2/carbon by the high-temperature oxidation process [159], while Huang et al. also fabricated 

TiO2 derivation from Ti3C2 by calcination in a CO2 atmosphere to form TiO2@C [128]. In addition 

to calcination methods, the derivation material of MXenes could also be fabricated via the 

hydrothermal method. For instance, the Ti3C2/MoS2/TiO2 composites were synthesized by the 

hydrothermal process in which the TiO2 nanoparticles were assembled in situ in Ti3C2 and MoS2 

layers [31]. Other examples used a two-step hydrothermal method to fabricate WS2@TiO2@Ti3C2 

photocatalyst and hydrothermally synthesized method to fabricate Ti3C2/TiO2 decorated black 

phosphorous composite [31].  

Another study described nanoflower-shaped TiO2/C nanocomposite derived Ti3C2(OHxF1–

x)2) was fabricated using in situ alcoholysis. Results enabled to show solid catalytic activity, but 

only for the dehydrogenation of NaAlH4 applications. Nevertheless, the finding led to 

enlightenment of the catalytic performance of TiO2/C nanocomposite as the best reported Ti−based 

catalyst for the dehydrogenation of NaAlH4 by far [160]. Even though the former results were used 

for dehydrogenation applications, the TiO2/C nanocomposite is expectedly applicable for NRR 

electrocatalyst applications concerning their excellence in catalytic activity. As only a few reports 

of MXenes derivation for NRR electrocatalyst applications, further studies should pave the way in 

these areas of interest. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Synthetic route for preparing MXenes with different structures and MXenes 

derivatives. Representative images are reproduced with permission from [148], [140], [135], [161], 

[162] and [158]. 

 

6. Conclusion, challenges, and outlook 

Electrochemical and photochemical N2 reduction reactions (NRR) have grown into 

attractive and alternative routes for clean ammonia (NH3) production to the extent of significantly 

reducing the environmental damages impacted by the century-old and energy-intensive Haber-

Bosch (HB) process. However, one massive drawback of catalytic NRR is the intrinsic competing 

hydrogen evolution reaction (HER) driven by the same proton (H+) consumption. These two 

reactions occur at a nearly similar potential to which the latter reaction occurs as a background or 

metal-catalyzed process. Consequently, only a small portion of the charge is consumed to drive 



the NRR, resulting in a sluggish kinetic reaction and low energy efficiency. The growing family 

of 2D MXenes is viewed to be more selective in aqueous solutions where the HER can be 

suppressed; thus, NRR can be promoted. Not only in a pristine form but MXenes can also be 

derived into more active catalysts and combined with other types of catalyst materials to form 

heterostructures.  As 2D materials, MXenes could be transformed into thin-film forms, which 

according to our point of view, could increase the feasibility of MXenes for any devices [163], 

including for electro- or photo-catalyst reactors. The previous report suggested that the activity of 

the catalysts in the thin-film forms was improved by order of magnitude than the catalyst materials 

in the particulate form. Due to the maximation of specific surface area utilization of the catalyst 

materials in thin-film forms, it was speculated that the NH3 production using thin-film catalyst 

materials would be better than catalyst materials in the particulate forms. In any case, the 

electrocatalysis and photocatalysis effects in the particulate form might be less pronounced than 

thin-film forms because the catalyst process suffers from light absorption by the catalyst particles, 

has light scattering rather than absorption, etc. [164].  

Thin-film form MXenes could be possibly utilized in the industrial scale of electro- or 

photo-catalyst reactors because the reactor design is expected to be convenient with high 

recyclability and recovery, etc. [165]. It was speculated that the proper contact of active 

photocatalysts layer of a thin-film on the fixed substrate installed in the catalyst reactor could lead 

to efficient mass transport of reactants, intermediates, and products. On the other hand, in the case 

of hydrogen photocatalyst, it was predicted that the product activity values of photocatalysts in the 

thin-film forms are estimated to be cost-effective hydrogen production because of a low amount 

of material with minimum equipment. This idea is also possible to be implemented for NRR 

catalysts using MXenes. Furthermore, thin-film MXenes could be integrated into the reactors and 

thus leading to low-cost NH3 production. However, it is still a bit premature to deduce such a firm 

conclusion. There are abundant tasks that need to be addressed in rationally designing the best 

MXenes catalyst for NRR and satisfying practical relevance. We provide a forward-looking plan 

on how the research direction of N2 reduction to NH3 over MXenes-based catalysts can be carried 

out, as summarized in Fig. 12: 

(i) Computation. Both theoretical and experimental studies are essential to developing electro- 

and photo-catalyst-based MXenes. However, the gap between experimental and theoretical results 



somehow resulted in new questions necessary to be answered. For instance, in catalyst research, 

the theoretical approach is inaccurate for predicting and understanding the molecular structure 

[166], and the observation by some means needs to be simplified. The theoretical method that has 

been simplified is also limited to studying the catalytic processes compared to the real catalysts 

[167]. Experimental observation is usually used to observe complete formulated catalyst systems 

[167] despite the combination of theoretical and experimental studies that could support each other. 

The interplay between experiments and theory methods should also be meaningful for studying 

the reactivity of those molecular structures and the kinetics of their chemical transformations [166]. 

To be more specific, the synergy between theoretical and experimental studies arises from kinetics 

observation. Here, the experimental study typically results in the phenomenological rate constants 

of the overall process, while computational methods contribute in disentangle them to a set of rate 

constants of well-defined elementary reaction steps [166]. In general, a strong correlation between 

them should be found to bridge the theoretical and experimental study. In this case, both studies' 

approaches could be conducted by simplifying the computational model system and a simplified 

experimental system with similar conclusions [167]. 

The ever-increasing computational capability in the last decades has revolutionized the 

field of material sciences. We are inevitably witnessing the progress of computation-aided 

materials discovery in predicting some promising candidates, simulating the system for a given 

application, and cutting a significant amount of time in experimental works. The potential of 

MXene as an NRR catalyst was firstly discovered by a theoretical approach using density 

functional theory or DFT. The discovery could interpret and analyze the practical outcomes, where 

many results with DFT simulation included have supported each other. Therefore, this 

advancement is always an exciting field to pursue. The so-called high throughput screening (HTS) 

can sort out the best MXenes out of hundreds of possible candidates by inputting important 

physical, electrical, and chemical properties for catalyzing NRR. Noting N2 fixation under an 

aqueous system containing H2O and salts electrolytes as a few examples raises more complex and 

dynamic reactions under different electrolytes (salts and concentration). Molecular dynamic (MD) 

simulation will give unforeseen insight into which NRR pathway may occur at such dynamic 

molecular levels to uncover the underlying mechanism of NRR in an aqueous solution. Meanwhile, 

machine learning and artificial intelligence can help determine actual factors predominant in NRR 

by looking at empirical data obtained from the experimental results.  



(ii) Structure optimization. Even though most works of MXenes and MXenes-derived catalysts 

remain to focus on the Ti3C2Tx MXene at present, theoretical studies have started seeing Mo−, 

Cr−, Nb−and V−based MXenes as way more promising for N2 adsorption and activation. Thus, a 

progressing experimental basis requires clarifying the theoretical proposal. A recent report showed 

a successful synthesis of high-entropy MXenes [168]. High-entropy metal catalysts were well-

known for their high mass activity to reduce CO2 and N2 catalytically [100–102], meaning a similar 

phenomenon may also occur in high-entropy MXenes. Regarding morphological design, the 

electrocatalytic and photocatalytic NRR process over 0D MXenes catalyst should carefully beware 

of their agglomeration and aggregation tendencies. Referring to that particular issue, single-atom 

catalysts (SACs) to enhance the NRR activity of MXenes have been promoted due to more specific 

surface areas for interfacial interaction between materials and molecular N2. Therefore, MXenes 

and their derivatives can exhibit dual functionality as active and support materials. The use of 

earth-abundant metals for the synthesis of SACs is much encouraged to avoid a costly catalyst. 

For the heterostructures approach, however, our current understanding of the interface 

heterojunction formation role to the NRR properties of MXene is very limited. Moreover, the 

physical parameters necessitate determination to hunt the best heterostructures tandem material 

for MXenes, which are well-suited for practical NH3 production with high yield and efficiency. 

(iii) Cell design. MXenes-based catalysts have achieved the Faradaic efficiency (FE) of 

approximately 25% for NRR in aqueous electrolytes under ambient conditions, less than ideal for 

contending the conventional HB. On the other hand, the photoelectrochemical (PEC) system is 

seen to achieve higher energy efficiency and chemical activity for NRR since it can combine the 

merits of the electrocatalytic and photocatalytic processes. However, we have yet to see the use of 

PEC cells in N2 reduction over MXenes-based catalysts. Lessons learned can be taken from well-

established PEC water splitting as a best practice. In the PEC NRR system, the catalyst material is 

coated on the current collector and placed on the photocathode side, where the reduction of N2 

takes place with the help of light irradiation. The photocathode materials should possess high 

optical absorption to harvest solar energy. Under this context, MXenes can be combined with 

suitable photocatalysts semiconductors such as BiVO4, g−C3N4, N−doped TiO2, and many. As 

water oxidation occurs at the anode, one essential requirement of anode materials is to possess an 

excellent activity to drive oxygen-evolution reaction (OER). Noble metals (Ru, Ir, Pd, Pt) are often 

regarded as the best catalysts for OER, but their use should be avoided for economic concerns. 



There are many exciting areas to explore within this topic alone, such as unearthing the best tandem 

anode materials for MXene-heterostructures-based photocathodes.  

(iv) Spectroscopy. Although DFT can predict the NRR mechanism, it can suffer large errors 

originating from the exchange-correlation function that propagates into pervasive errors. It is 

necessary to eliminate many factors used to simplify the models, such as performing simulation in 

a vacuum and underestimating chemical reaction barriers. Such cases are not matched with the 

realistic and dynamic NRR processes as mentioned in (i). In situ / operando characterizations must 

be used to overcome the limitation of computational simulation and probe the intermediate reaction 

species. Nowadays, there have been many advancements in the characterization techniques applied 

in the catalysis field, including the catalysis of NRR [169–171]. For example, Nazemi et al. [172] 

utilized Surface-Enhanced Raman Spectroscopy (SERS) to detect the generation of NH4
+ species 

upon N2 reduction by hollow Au nanocages. Recently, in situ ATR mode surface-enhanced 

infrared absorption spectroscopy known as ATR-SEIRAS greatly benefited in uncovering the 

reaction intermediates and electrocatalytic NRR pathway, as Yao et al. [106] demonstrated. They 

discovered that the electrocatalytic NRR on the Au surface proceeded in the associative pathway 

through the formation of N2Hy intermediates. They observed the evidence of the vibration mode 

of H–N–H bending, –NH2 wagging, and N–N stretching in surface-bound N2Hy species. Other 

examples of in situ / operando characterization techniques that are founded beneficial, such as a 

Diffusion reflection infrared Fourier transform spectroscopy (DRIFT), Shell-isolated nanoparticle-

enhanced Raman spectroscopy (SHINERS), X-ray absorption fine-structure (XAFS), X-ray 

absorption near edge structure (XANES), paramagnetic resonance spectroscopy (EPR), etc. The 

in situ / operando spectroscopies should be employed in MXenes-based NRR catalysts to 

determine the active sites and reaction pathways precisely.  

(v)  Economy. NH3 production cost via electrocatalytic and photocatalytic processes with the aid 

of MXenes-based catalysts should be lower than the HB process to be considered competitive 

enough. It has been estimated that the NH3 produced by the latter method costs only US $160 per 

ton of NH3, and when including the additional costs such as transportation and storage, its price 

increases to US $600 for the same usable quantity [173,174]. Techno-economic analysis, including 

SCENT (Standardized Cost Estimation for New Technology), can provide much information on 

whether or not the presented emerging technologies for N2 fixation to NH3 are economically 



feasible for large- and small-scale plants. To date, the large scale of an NRR is challenging to fully 

compete with current HB commercial production capacities (>1000 tNH3/day) considering 

technology readiness level. Future investigations on the integration of smaller scales with low-cost 

electricity sources are highly appreciated. Electricity price is the critical driver in electrocatalytic 

and photocatalytic NH3 production. Since renewable energy is rapidly growing and the price is 

dropping accordingly, a small-scale NH3 plant would be economically compelling and adapted to 

the local renewable energy sources. Therefore, it is expected to enable energy grid balance in the 

future energy landscape, shorten the distances corresponding to transportation and storage, and 

thus lower capital and operation costs. Some economic models have been developed, especially 

for electrochemical NRR [174,175], yet the economic feasibility for MXene-based catalysts is 

poorly studied. Relevant parameters to the production cost of electrochemical and photochemical 

systems are evaluated, and operating parameters (FE, catalysts, and current density) are optimized 

to meet the desired cost-effective NH3 pricing demands.  

(vi) Environment. With all respect to the increasing progress of MXenes catalysts for a 

sustainable and environmentally friendly N2 conversion to NH3, unfortunately, the nexus between 

production rate of NH3, energy efficiency, and environmental impact has not been a focal point of 

many preceding experimental reports. One critical question that arises for using MXenes as NRR 

catalyst is, “can the energy produced from NH3 compensate the energy input for preparing MXenes 

catalysts and synthesis of NH3 itself?”. Without detailed studies on environmental and energy 

evaluations, it is impossible to provide proper proof of a sustainable NH3 energy landscape for 

MXenes. In this context, life cycle assessment (LCA) is a primary tool and international 

standardized method to comprehensively evaluate the environmental impact of proposed methods 

(both qualitatively and quantitively), considering all inputs and emissions from the NH3 production. 

Using the given methodology, the produced greenhouse gases emission (in the unit of CO2 – 

equivalent) as well as indirect and direct energy use throughout the life cycle from synthesis, 

extraction, manufacturing, production, and disposal (known as cumulative energy demand) can be 

compared with the existing HB process. Sustainable electrocatalytic and photocatalytic NH3 

production would only reduce environmental impacts (preferably LCA results) by coupling 

renewable electricity supplies with high capacity factors. This is because intermittency, seasonal, 

and geographic constraints are associated with the nature of renewable energy, making NH3 

production pathways utilizing renewable energy less attractive. To this extent, significant research 



works should be made to realize the system integration of NH3 production with reliable and low-

cost electricity sources to compete with the current-day HB process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Future research direction of N2 reduction to NH3 over MXenes and MXenes derivatives 

based on electrocatalyst and photocatalysts. 
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