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Abstract: The electrocatalytic co-reduction of small carbonaceous and nitrogenous molecules 

recently emerged as a promising strategy to mitigate carbon emissions, facilitate wastewater 

denitrification, and sustain urea synthesis. However, the development of highly efficient 

electrocatalysts to accelerate C–N coupling and multiple protonation steps remains challenging. 

Herein, inspired by the “strong metal-support interaction” (SMSI) concept, we designed novel 

catalysts, comprised of size-selected Cu clusters anchored on the two-dimensional 

molybdenum carbide MXene (Cun/Mo2C), for urea production via the co-reduction of nitrate 

(NO3
) and carbon dioxide (CO2). Our density functional theory (DFT) computations revealed 

that these Cu clusters are strongly immobilized on the Mo2C substrate by forming planar 

structures, leading to considerable active sites. Notably, these Cun/Mo2C catalysts demonstrate 

enhanced activity for urea synthesis through a one–step N–C–N coupling mechanism. This 

process involves the insertion of CO* into the NH2
*–NH2

* intermediate, facilitated by 

electrostatic attractions between their nitrogen atoms. In particular, among the catalysts tested, 

Cu4/Mo2C exhibits superior performance, achieving urea production with a limiting potential 

of –0.36 V. Furthermore, the competing side reactions, such as CO reduction or release, NH3 

production, hydrogen evolution, and surface oxidation, are significantly suppressed, ensuring 

its high selectivity for urea synthesis. This work not only introduces a novel method for urea 

electro-synthesis via SMSI between metal clusters and substrate, but also suggests a strategy 

for synthesizing other organonitrogen compounds.
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1. Introduction

Urea is a cornerstone in agriculture, serving as an extremely important nitrogenous 

fertilizer with a high nitrogen content of 46%.1, 2 In addition, urea is a critical chemical 

feedstock for manufacturing plastics, drugs, textiles, and energy carriers,3, 4 reflecting its 

integral role in various industrial processes. With the ever-increasing human population and 

surging demand for chemical synthesis, global urea production is expected to reach 211.5 

million metric tons by 2026.5 Currently, the prevailing industrial approach for urea synthesis is 

the energy-intensive Bosch–Meiser process,6 which operates under severe conditions and 

relies on ammonia (NH3) obtained from the Haber-Bosch method.7 This conventional route 

consumes about 2% of the world’s energy, and contributes to 1% global CO2 emission, thereby 

exacerbating the energy crisis and environmental degradation.8, 9 Therefore, there is a pressing 

need to develop alternative urea synthesis methodologies that operate under milder conditions 

and utilize renewable energy sources, paving the way for a more sustainable and 

environmentally benign urea production. 

In this context, electrocatalytic urea synthesis emerges as an attractive alternative to 

traditional methods. This approach, driven by renewable electricity, exploits CN coupling of 

nitrogenous species (such as NO3
–, NO2

–, NO, and N2) with carbon sources (CO2 and CO) to 

circumvent the need for NH3 production.10-13 In particular, the electrocatalytic CN coupling 

between NO3
– and CO2/CO represents a promising “one stone, three birds” strategy that 

simultaneously addresses the reduction of carbon footprint, valorization of waste, and 

sustainable urea production.14-17 In addition, NO3
 is an attractive nitrogen source due to its 

lower dissociation energy, which facilitates its activation in NH3 and urea synthesis 
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pathways.18 However, urea formation via electrocatalysis is a complex multistep process, 

which involves three crucial steps, including co-adsorption of diverse reactants, C–N coupling, 

and subsequent protonation of various reaction intermediates.19-24 This complexity presents 

significant challenges, and it is urgently needed to design highly efficient electrocatalysts for 

urea synthesis. 

Tremendous recent efforts have been made to search for advanced electrocatalysts for urea 

synthesis. Wei et al. fabricated single Cu atoms on CeO2 substrate and achieved an ultra-high 

urea yield rate of 52.84 mmol h−1 gcat.−1 at −1.6 V versus a reversible hydrogen electrode.14 

Mao et al. designed a novel carbon-supported indium-doped bismuth nanoparticle that 

leverages In dopants as active sites while also enhancing Bi’s activity, synergically boosting 

the C–N coupling between CO* and NH2
*.25 Zhang’s group prepared self-supported oxygen 

vacancy-rich ZnO porous nanosheets and core–shell Cu@Zn nanowires, which exhibit 

superior performance toward urea synthesis from CO2 and NO3
– feedstocks.10, 26 Theoretically, 

Wan et al. found that Cu (111) surface can efficiently catalyze urea production through 

co-reduction of NO and CO, and proposed a two-step CN coupling mechanism involving CO* 

+ N* and CONH* + N*;27 Jiao and co-workers designed triple-atom catalysts to advance urea 

formation through one-step N–C–N coupling.28 

While these pioneering contributions underscored the potential of electrocatalytic urea 

synthesis, the exact CN coupling mechanism (whether one-step or two-step) and the 

identification of coupling precursors remain controversial. In particular, further improvement 

in the catalytic performance for urea electrosynthesis is a formidable challenge. 
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Recently, a principle, namely, strong metal−support interaction, emerged and showed its 

increasing importance in diverse chemical processes.33-37 SMSI usually features significant 

charge transfer and substantial orbital hybridization at the metal–support interface. These 

interactions lead to the formation of new chemical bonds and significantly alter the geometry 

and the electronic properties of catalysts, thereby influencing their stability and catalytic 

performance in heterogeneous catalysis. 

Drawing on the SMSI principle and the well-documented potential of Cu-based materials 

for urea synthesis,29-32 we proposed a new class of active and stable catalysts for urea 

production, which can facilitate urea electrocatalysis via the co-reduction of NO3
– and CO2, 

leveraging the SMSI effects between the Cu clusters and the support structure to enhance 

catalytic efficiency and stability. In pursuing the Cu-based SMSI phenomenon, we selected 

two-dimensional molybdenum carbide (Mo2C) MXene as the support, which has been 

recognized as superior catalyst support (such as for Fe, Mo, and Pt) and exhibits comparative 

advantage over traditional carbon supports, including enhanced stability and durability.38-41 

Especially, the utilization of 2D Mo2C MXene as a substrate in electrocatalysis offers various 

benefits: it ensures high conductivity to boost the electrocatalytic kinetics, provides abundant 

surface-exposed unsaturated Mo atoms for the robust anchoring of catalyst nanoparticles, and 

preserves the neutral state of metal atoms to effectively optimize their catalytic 

performance.42-48 Thus, the integration of Cu-based nanoparticles with the Mo2C substrate 

holds great promise for facilitating the strong interfacial electronic interaction and developing 

highly stable and efficient electrocatalysts for the advanced urea electrosynthesis by the 

co-reduction of NO3
– and CO2.
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Herein, through comprehensive density functional theory (DFT) computations, we 

explored the catalytic potential of several size-selected Cu clusters anchored on a Mo2C 

monolayer (Cun/Mo2C, n = 1 ~ 7) for urea electrosynthesis from NO3
– and CO2. These results 

revealed a pronounced preference for these Cu clusters to adopt planar configurations on the 

Mo2C substrate, a phenomenon accompanied by significant charge transfer and obvious orbital 

hybridization. Interestingly, our DFT computations suggested that these Cun/Mo2C catalysts 

facilitate urea synthesis via a “one-step” N–C–N coupling mechanism, whereby CO* is 

inserted into the NH2
*NH2

* intermediate. This mechanism is thermodynamically and 

kinetically more favorable than the “two-step” CN coupling. Among these candidates, 

Cu4/Mo2C exhibits slightly higher catalytic activity for urea synthesis with a relatively lower 

limiting potential of 0.36 V. This enhanced activity is coupled with a significant suppression 

of competing side reactions, thereby guaranteeing its high selectivity for urea production. Our 

findings not only present a promising new class of electrocatalysts for urea synthesis from the 

abundant C– and N–based small molecules but also expand the scope of SMSI applications in 

electrocatalysis.

2. Computational models and methods

All spinpolarized DFT computations were carried out utilizing the Vienna ab initio 

Simulation Package (VASP).49, 50 The projector augmented wave (PAW) potential was 

employed to describe ion-electron interactions,51, 52 while the exchange–correlation 

interactions were determined by the Perdew–Burke–Ernzerhof (PBE)53 functional within the 

generalized gradient approximation (GGA). The cutoff energy was set to 550 eV for the plane 
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wave expansion. A given system was fully relaxed until reaching the convergence threshold of 

10−5 eV for energy and 0.03 eV/Å for atomic forces. To accurately describe van der Waals 

(vdW) forces, we incorporated the DFT+D3 method.54 The energy barriers for C–N coupling 

reactions were determined using the climbing image nudged elastic band (CI-NEB) method,55 

providing insight into the kinetic feasibility of the catalytic processes. 

The Mo2C MXene was modeled by a periodic hexagonal (4 × 4) supercell containing 16 C 

and 32 Mo atoms, which served as the substrate for the size-selected Cu clusters. A vacuum 

region of 25 Å was adopted to avoid interaction between periodic images. The Brillouin zone 

was sampled by a (3 × 3 × 1) mesh of k-points for structural relaxation and a denser (15 × 15 × 

1) mesh for calculating electronic properties. Ab initio molecular dynamic (AIMD) 

simulations were performed in the NVT ensemble using the Nosé-Hoover thermostat,56 

spanning a duration of 10 ps with a time step of 2.0 fs. 

The Gibbs free energy change (∆G) for each elementary step involved in urea 

electrosynthesis was determined using the computational hydrogen electrode (CHE) model.57, 

58 Based on this model, the value of ∆𝐺 can be obtained by the formula: 

∆𝐺 =  ∆𝐸 +  ∆𝑍𝑃𝐸 ―  𝑇∆𝑆 +  ∆𝐺𝑝𝐻 +  𝑒𝑈, where ∆𝐸 is the reaction energy of the 

reactants and products adsorbed on the catalyst, calculated directly by DFT; ∆𝑍𝑃𝐸 and ∆𝑆 

are the changes in zero point energy and entropy at 298.15 K, which can be calculated by the 

vibration frequency. ∆𝐺𝑝𝐻 is the free energy correction of pH, which can be calculated by: 

∆𝐺𝑝𝐻 = 𝐾𝐵𝑇 × 𝑝𝐻 × 𝑙𝑛10. Note that for simplicity, the 𝑝𝐻 value was set to zero; 𝑈 is 

the applied potential. The catalytic activity of urea formation was evaluated by using the 
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limiting potential (UL), which was further calculated according to the free energy changes of 

each basic step as follows: UL = max (∆G1, ∆G2, ∆G3, ∆G4……, ∆Gi)/e. 

3. Results and discussion

3.1. Identifying SMSI for Cun/Mo2C.

The 2D Mo2C MXene features a sandwich-like structure, with a C layer nestled between 

two Mo layers. Specifically, the C atoms form an edge-shared Mo6C octahedral structure 

with the exposed Mo atoms, having a CMo length of 2.09 Å (Fig. S1a). This configuration 

well aligns with findings from prior experimental and theoretical studies.59-61 On the other 

hand, isolated Cun clusters exhibit two kinds of configurations when n exceeds 4: planar and 

three-dimensional (3D) structures. After full structural relaxation, we found that planar 

clusters are more stable for n < 7 (Fig. S1b), which is fully consistent with previous 

reports.62-64    

Based on the optimized 2D Mo2C MXene and different Cu clusters, we then constructed 

Cun/Mo2C materials by placing different Cun clusters on the 2D Mo2C support. Note that both 

planar and three-dimensional Cun configurations were considered. After full geometric 

relaxations, we identified the most stable Cun/Mo2C, as shown in Fig. 1a and Fig. S2. To 

evaluate the stability of the catalysts, we computed the average binding energy (Ebind) of each 

Cu atom by: 𝐸𝑏𝑖𝑛𝑑 = (𝐸𝐶𝑢𝑛/𝑀𝑜2𝐶 ―𝑛𝐸𝐶𝑢 ― 𝐸𝑀𝑜2𝐶)/𝑛, where 𝐸𝐶𝑢𝑛/𝑀𝑜2𝐶, 𝐸𝐶𝑢, 𝐸𝑀𝑜2𝐶 

represent the total electronic energies of Cun/Mo2C materials, isolated Cu atom, and pristine 

Mo2C monolayer, respectively. As depicted in Fig. 1b, the computed Ebind values for the planar 

Cun cluster are in the range from 3.77 to 4.07 eV, which are more negative than those of 3D 
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ones (2.87~3.74 eV). This suggests a pronounced preference for planar adsorption patterns 

of these Cu clusters on the Mo2C substrate, manifesting the strong interaction of these Cu 

clusters on Mo2C support, or the SMSI phenomenon. Structurally, all Cu atoms in these planar 

Cu clusters are anchored at the hollow sites of three-membered Mo rings, each forming three 

Cu–Mo bonds with an average length of about 2.67 Å. Compared with the freestanding Cu 

clusters and the pristine Mo2C monolayer, the CuCu and MoC bonds are elongated to 

different degrees due to the strong interaction between each other, yet without compromising 

their structural integrity. 

To elucidate the robust binding of these Cu clusters on the Mo2C support, we took 

Cu4/Mo2C as an example to carefully analyze the projected density of state (PDOSs). As 

shown in Fig. 1c, there is a strong hybridization between the Cu-3d and the Mo-4d states in the 

energy region from 4.64 to 0.31 eV. Moreover, the computed charge density difference, as 

shown in Fig. 1d, indicates a significant charge accumulation between the interfacial Cu and 

Mo atoms. Consistently, about 0.18 electrons are transferred from each Cu atom to the Mo2C 

substrate, inferring a valence state of about +0.18 for the Cu atoms. Interestingly, a lower 

oxidation state and positive charge on metal atoms can enhance their ability to adsorb 

reactants,65 and thus hold great potential for improving their catalytic performance. 
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Fig. 1. (a) Top and side views of the optimized Cu4/Mo2C structure. (b) Computed average 

binding energy of Cun/Mo2C materials, comparing the stability of planar and 3D configurations 

of Cu clusters. (c) Projected density of states (PDOSs) of the Cu4/Mo2C, detailing the 

hybridization between Cu-3d and Mo-4d orbitals. (d) Differential charge density plot of 

Cu4/Mo2C, with an isosurface value of 0.005 e Å−3. Areas of electron accumulation are shown 

in yellow and regions of electron depletion in cyan. 

3.2. Catalytic Activity of Cun/Mo2C for Urea Formation.

Having established the SMSI of Cun clusters on Mo2C and ensured their stability, we 

proceeded to explore their catalytic performance for urea synthesis. 

Page 10 of 34Journal of Materials Chemistry A



11

Despite significant progress in this field, the underlying mechanism of C–N 

coupling—whether it proceeds via a one-step or a two-step process—remains a subject of 

debate. By joint experimental and theoretical studies, Wei et al. reported that urea formation 

occurs through a two-step CN coupling pathway via NO* + CO* and ONCO* + NO* on the 

electrochemically reconstituted Cu4 cluster active site anchored on a CeO2 support.14 By means 

of DFT computations, Wan et al. suggested two possible CN coupling via CO* + N* and 

CONH* +N* for urea production on Cu(111) surface;27 in contrast, Jiao and co-workers 

proposed a concurrent N–C–N coupling mechanism on the triplet-atom catalyst (supported on 

C9N4 monolayer), in which CO* preferable inserts into NO*-dimerization derived NH2
*–NH2

* 

species.28 Notably, the one-step mechanism may be materials-dependent. Obviously, there is 

no consensus on the predominant mechanism or the specific intermediates involved at present. 

Our selection of Cu4/Mo2C as the model system was based on several crucial 

considerations. First, the Cu4 cluster’s square-like configuration, anchored on the Mo2C, 

closely resembles the Cu(100) surface. This similarity is pivotal as the Cu(100) surface is 

known for its high catalytic activity in the C–N coupling during the electrocatalytic reduction 

of CO2 and NO3
/NO2

 towards urea formation,66,67 facilitated by the CuCu bridge site that 

can prompt C–N coupling between C and Nbased active reaction intermediates. 

Furthermore, as mentioned earlier, the choice of Mo2C as a support is due to its exceptional 

stability and conductivity offered by its 2D structure, which is conducive to reinforce the 

metal-support interaction effect. Interestingly, the synergy between the planar Cu4 cluster and 

2D nanosheets has been validated by prior work to significantly enhance electrocatalytic 

efficiency. For example, Fan et al. reported that their fabricated planar Cu4 cluster on the 
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template of Ti9-oxo nanoring achieved notable selectivity in reducing CO2 to C2H4 

electrocatalytically.68 

To this end, we utilized Cu4/Mo2C as a representative and examined both one-step and 

two-step mechanisms to ascertain the preferred C–N coupling pathway for urea synthesis. 

Noteworthy, previous experiments69-71 have identified NO and CO as N and Ccontaining 

adsorbates, respectively, which are key intermediates derived from the electrochemical 

reduction of NO3
 and CO2. Thus, the co-reduction of NO + CO was used as a model to 

investigate the C−N electrocatalytic coupling reactions, which is critical to developing 

advanced catalysts for the electrosynthesis of value-added organonitrogen compounds. 

3.2.1. One-step mechanism

In the one-step mechanism, the co-adsorption of two NO and one CO molecules is a 

prerequisite for NCN coupling. Thus, we examined the adsorption of two NO and one CO 

molecules on the anchored Cu4 cluster. As shown in Fig. 2a, we found that the (2NO + CO) can 

be separately chemisorbed on the planar Cu4 cluster with a rather negative free energy change 

of 2.05 eV, forming the (NO* + NO* + CO*) intermediate, where * represents the active site. 

However, the direction insertion of CO* into the two adsorbed NO* to form NO*CONO* 

intermediate is endergonic by 0.63 eV (Fig. 2b), indicating that this NCN coupling is 

thermodynamically unfavorable. In contrast, the coupling of two adsorbed NO* species to form 

NO* dimerization (Fig. 2c) is thermodynamically feasible with a slightly negative ∆G value of 

0.01 eV. Kinetically, the transformation of separated adsorbates (NO* + NO* + CO*) into 

associated NO*NO* complex with adjacent CO* (NO*NO* + CO*) features a rather low 
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energy barrier of 0.18 eV (Fig. 2d). Thus, the formation of the (NO*NO* + CO*) intermediate 

is preferred both thermodynamically and kinetically. 

Fig. 2. Optimized structures for (a) NO* + NO*+ CO*, (b) NO*CO*NO*, and (c) 

NO*NO*CO*. (d) The minimum energy pathway from (NO* + NO*+ CO*) to (NO*NO* + 

CO*) and the corresponding energy barrier.

Page 13 of 34 Journal of Materials Chemistry A



14

Following the formation of (NO*NO* + CO*) intermediate, we studied its subsequent 

transformation into urea via eight proton-coupled electron transfer (PCET) steps. The 

calculated free energy changes (∆G) of all possible elementary steps are summarized in Table 

S1. In the following sections, we will focus on the energetically most favorable reaction 

pathway (Fig. 3), which exhibits the lowest positive free energy change between any two 

elementary steps. Thus, along this pathway, the required applied voltage is the least negative 

to make the whole reaction exergonic, thereby establishing the limiting potential. 

Starting from the formed (NO*NO* + CO*) complex, the first three hydrogenation steps 

are all exergonic. The first hydrogen step readily occurs on the O atom of its NO* moiety, 

forming (NOH*NO* + CO*) with a favorable Gibbs free energy (∆G) change of 0.68 eV. In 

contrast, competitive reactions leading to HNO*NO*/CO*, NO*NO*/COH*, and 

NO*NO*/CHO* are endergonic, with ∆G values of 0.19~2.50 eV (Table S1). The approach of 

the second hydrogen results in the cleavage of the NOH bond within (NOH*NO* + CO*) 

along the distal pathway, resulting in the formation of (N*NO* + CO*) and the release of one 

H2O molecule. This process is downhill by 0.77 eV in the free energy profile. Subsequently, 

the (N*NO* + CO*) intermediate undergoes further hydrogenation to form (NH*NO* + CO*) 

with ∆G value of 1.06 eV. The fourth hydrogenation step, i.e., the hydrogenation of 

(NH*NO* + CO*), leads to the formation of the (NH2
*–NO* + CO*) intermediate. Notably, this 

process is endergonic with a moderate Gibbs free energy uphill of 0.36 eV. Remarkably, the 

subsequent four PCET steps, transforming NH2
*NO*/CO* into (NH2

*NOH* + CO*), 

(NH2
*N* + CO*), (NH2

*NH* + CO*), and (NH2
*NH2

* + CO*) intermediates, are all 

exergonic, exhibiting ∆G values of −0.05, −1.14, −0.85, and −0.11 eV, respectively. What 
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follows is the non-PCET step: the separately adsorbed CO* is inserted into the NH2
*–NH2

* 

intermediate, coupling its two NH2 moieties to form the NH2CONH2
* product, which is 

considerably exergonic with a ∆G of 1.07 eV. Finally, the formed urea product is released 

from the Cu4/Mo2C surface, requiring only a small energy input of 0.19 eV. 

Overall, in the one-step NCN coupling mechanism, the whole reaction process can be 

summarized as follows: 2NO + CO + * → NO* + NO* + CO* → NO*NO* + CO* → 

NOH*NO* + CO* → NO*N* + CO* → NH*NO* + CO* → NH2
*NO* + CO* → 

NH2
*NOH* + CO* → NH2

*N* + CO*→ NH2
*NH* + CO*→ NH2

*NH2
* + CO* → 

NH2
*CONH2

* → urea + * (for details about the Gibbs free energy change for each step, see 

Supporting Information). These results identified the formation of (NH2
*NO* + CO*) as the 

potential-determining step (PDS) due to its maximum free energy increase of 0.36 eV. Thus, 

the limiting potential for the whole catalytic process is 0.36 V, which drives all elementary 

reaction steps exergonic. Notably, this limiting potential is less negative than those reported for 

several existing catalysts, such as VN-Cu3N-300 (1.56 V),29 Cu-Cu2O (0.58 V),30 

Cu(111),31 atomic-scale copper,32 suggesting the high activity of the Cu4/Mo2C catalyst.  
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Fig. 3. Free energy diagram and optimized geometrical structures of the involved reaction 

intermediates for urea synthesis on Cu4/Mo2C through the one-step NCN coupling 

mechanism. 

3.2.2. Two-step mechanism

We also investigated the possibility of producing urea through a two-step process based on 

previous studies:14 initially NO* and CO* couple to form the *NOCO* intermediate; 

subsequently, a further NO species addition yields NOCONO*, a critical precursor in urea 

synthesis. 

Following the proposed mechanism, initially NO is chemisorbed on the Cu4/Mo2C 

substrate with the ∆G value of –1.06 eV, followed by the first C–N coupling with the 

co-adsorbed CO via the Eley–Raideal (ER) mechanism. The coupling process, (NO* + CO*) → 
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*NOCO*, is exothermic (∆G=  eV). The subsequent CN coupling between *NOCO* 

and NO* to form NOCONO* is uphill in the Gibbs free energy profile (∆G= +0.10 eV). Upon 

formation of the NOCONO* intermediate, its hydrogenation to urea was investigated. Our 

computational analysis revealed that the energetically most preferred pathway from 

NOCONO* to urea on Cu4/Mo2C, as depicted in Fig. 4. These results showed that while most 

PCETs are exergonic, the steps to NH2CONHO* and NH2CONH2
* are not spontaneous, with 

∆G values of +0.16 eV and +0.45 eV, respectively. 

From the calculated ∆G values, we identified the formation of NH2CONH2
* intermediate 

as the PDS, due to its highest ∆G value of 0.45 eV among the elementary steps. Consequently, 

a limiting potential of 0.45 V is necessary for urea synthesis along the two-step mechanism, 

slightly more negative than that required for the one-step pathway (0.36 V). Thus, the 

one-step NCN coupling mechanism is slightly more favorable energetically than the 

two-step mechanism.
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Fig. 4. Free energy diagram and optimized geometrical structures of the involved reaction 

intermediates for urea synthesis on Cu4/Mo2C through the two-step coupling mechanism. 

3.2.3. Non-electrochemical CN coupling

Besides the PCET steps, the non-electrochemical CN coupling is the most challenging 

process during the process of urea formation. To gain a deeper understanding, we assessed the 

kinetic energy barriers for CN coupling, examining both onestep and twostep mechanisms. 

Specifically, we analyzed two important CN couplings occurring outside the PCET steps: 

NH2
*NH2

* + CO* → NH2
*CONH2

* in the onestep mechanism, and NO* + CO* → 

*NOCO*, followed by *NOCO* + NO* → NOCONO* in the twostep mechanism. First, 

we computed the kinetic barrier for the one-step N–C–N coupling, where the CO* is inserted 

into *NH2NH2
*, and found that this reaction step, NH2

*NH2
* + CO* → NH2

*CONH2
*, 
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requires a low energy barrier of 0.48 eV. This coupling process, with a free energy change 

(∆G) of 1.07 eV, is considerably exergonic, indicating that it is favorable both 

thermodynamically and kinetically. Notably, the NH2
* intermediate has been widely observed 

experimentally for urea synthesis from the co-reduction of CO2 and NO3
, further confirming 

the feasibility of the onestep NCN coupling mechanism.19-24 

To highlight the high feasibility of the one-step N–C–N coupling between *NH2NH2
* 

and CO*, we compared this reaction’s efficiency with CO*’s coupling with other nitrogenous 

species, including *NONO*, *NOHNO*, *NNO*, *NHNO*, *NH2NO*, *NH2NOH*, 

*NH2N*, and *NH2NH*. Our analyses revealed that the couplings of CO* with *NONO*, 

*NOHNO*, and *NNO* are endergonic by 0.64, 0.52, and 0.27 eV (Fig. 5a), respectively, 

indicating their unfavorable thermodynamics. For the other five N–C–N coupling reactions, 

the kinetic barriers are in the range of from 0.64 to 3.77 eV (Fig. 5b), all higher than the 

barrier (0.48 eV) between *NH2NH2
* and CO* (0.48 eV). Thus, the NH2

*NH2
* + CO* 

coupling is more advantageous, both thermodynamically and kinetically, compared to 

alternative N–C–N couplings.  

A pertinent question emerges: why is NH2
*–NH2

* the optimal precursor for the one-step 

NCN coupling? To address this question, using the Bader charge analysis, we examined the 

charges on various reaction intermediates, including CO*, *NONO*, *NOHNO*, *NNO*, 

*NHNO*, *NH2NO*, *NH2NOH*, *NH2N*, *NH2NH*, and *NH2NH2
*. As shown in Fig. 

5c, the adsorbed CO* species carries a negative charge throughout the reaction process. Among 

the Ncontaining intermediates, only NH2
*–NH2

* is positively charged. This distinct charge 

disparity facilitates an electrostatic attraction between NH2
*–NH2

* and CO*, catalyzing the 

Page 19 of 34 Journal of Materials Chemistry A



20

NCN coupling through effective concurrent binding of CO* to the two N atoms in NH2
*–

NH2
*. 

Fig. 5. (a) Free energy changes associated with the coupling of CO* with various N-containing 

intermediates. (b) Minimum energy pathways for CO* coupling with selected N–N dimers. (c) 

Computed charge on CO* and different N-based species involved in the reaction.

On the other hand, in the two-step mechanism, we found that the energy barriers for the 

two sequential CN coupling processes (CO* + NO* → *CONO*, and *CONO* + NO* → 

NOCONO*) are 0.58 and 1.47 eV (Fig. S3), respectively. The latter coupling emerges as the 

rate-determining step, with a barrier of 1.47 eV nearly threefold as compared with the onestep 

NCN mechanism’s barrier (0.48 eV). Thus, we predicted that the urea synthesis on 
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Cu4/Mo2C is kinetically favored to proceed through the onestep NCN pathway, where CO* 

is directly inserted into *NH2NH2
*. 

3.2.4. Other Cu clusters supported on Mo2C substrate

In addition to Cu4/Mo2C, we also examined the catalytic activity of other Cu clusters 

supported on Mo2C substrate towards urea synthesis along the one-step pathway. Free energy 

diagrams for urea formation on these Cu clusters are presented in Fig. S4a. Interestingly, all 

these candidates share the same potential-determining step as Cu4/Mo2C, namely, NH*NO* + 

CO* → NH2
*NO* + CO*, except for Cu1/Mo2C with the PDS of NH*NO* + CO* formation. 

The ∆G values for the PDS vary from 0.40 to 0.53 eV, which are slightly higher than that on 

Cu4/Mo2C (0.36 eV, Fig. S4b), but lower than those reported for several recent catalysts 

(0.74~1.41 eV).72-75 Consequently, these Cu clusters demonstrate substantial urea 

electrosynthesis activity. 

To gain deep insights into the activity difference of these supported Cu clusters towards 

urea electrosynthesis, we explored the relationship between their activity and the adsorption 

strength of certain reaction intermediate, in line with the Sabatier principle. Notably, on 

Cu1/Mo2C surface, Cu and Mo sites are active sites (Fig. S5). Thus, we primarily examined 

the activity-adsorption strength relationship for intermediates on other Cun/Mo2C (n = 2 ~ 7) 

systems, in which Cu atoms serve as the primary active sites. Excitingly, we observed a 

volcano plot between the urea production activity (UL) and the adsorption energies of 

NH2
*NO*+ CO* intermediate (ΔENH2*NO*+ CO*), as depicted in Fig. 6a. The Cu4/Mo2C 

system stands at the apex of the volcano plot, consistent with its highest catalytic activity for 
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urea synthesis. Thus, the adsorption strength of NH2
*NO*+ CO* offers a reliable descriptor 

for understanding the catalytic trends across these Cun/Mo2C materials. 

To further explore the adsorption strength difference of NH2
*NO*+ CO*species on these 

catalysts, we calculated the d-band center (εd) of Cu-based active sites. The correlation 

between ΔENH2*NO*+ CO* and εd, with the R2 of 0.84 (Fig. 6b), suggests that the better 

catalytic activity of Cu4/Mo2C may originate from an optimal εd on the Cu active sites, which 

leads to its moderate binding with NH2
*NO*+ CO* intermediate. Thus, the SMSI between 

Cun clusters and Mo2C substrate not only enhances the stability of the Cun clusters but also 

effectively optimizes their electronic properties for ideal interaction with reaction 

intermediates. This optimization is crucial for developing electrocatalysts that combine high 

durability with outstanding catalytic efficiency.

3.3. Catalytic Selectivity for Urea Formation

After confirming the highest activity of Cu4/Mo2C catalyst toward urea production, we 

assessed its selectivity for the one-step CO* and NH2
*–NH2

* coupling to form NH2
*–CO–NH2

*, 

which could face competing reactions including CO* desorption, CO* hydrogenation, and 

NH2
*–NH2

* dissociation to NH3. Our results showed that CO* desorption and CO* 

hydrogenation to COH* and CHO* are endergonic with ΔG values of 0.64, 1.60, and 0.97 eV, 

respectively (Fig. 6c). Furthermore, despite the further hydrogenation of NH2
*–NH2

* to NH3 is 

exergonic (ΔG of −0.61 eV), it is less favorable than the CN coupling (ΔG of 1.07 eV). This 

phenomenon is also evident in the anchored Cu3, Cu6, and Cu7 clusters, whereas NH3 

production from NH2
*–NH2

*, with more negative ∆G values (Fig. S6), is more energetically 
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favorable on the Cu1, Cu2, and Cu5 clusters. Consequently, the Cu1, Cu2, and Cu5 clusters are 

excluded as suitable electrocatalysts for urea production since they prefer NH3 synthesis. 

Additionally, hydrogen evolution reaction (HER) is a potential competitive pathway in 

aqueous solution. Therefore, we examined the selectivity of Cun/Mo2C toward HER and urea 

electrosynthesis by computing the free energy change of H* adsorption (ΔGH*). Our results 

revealed that the H* adsorption on the anchored Cu4 cluster is relatively low, with ΔGH* values 

ranging from .30 to .48 eV (Fig. 6d and Fig. S6). This weak adsorption is primarily 

attributed to the electrostatic repulsion between the positively charged Cu atoms and H+ ions. 

Especially, these ΔGH* values are less negative than both ΔGNO*+NO* and ΔGNO*+NO*+CO* (Fig. 

6e and Fig. S6), suggesting that urea formation is the predominant reaction on these Cun/Mo2C 

catalysts. 

Overall, the competing CO* reduction/desorption, NH3 formation, and HER can be greatly 

inhibited on some Cun/Mo2C catalysts, including Cu3, Cu4, Cu6, and Cu7, ensuring the high 

selectivity of our as-designed Cun/Mo2C catalysts toward urea formation. Thus, precisely 

controlling cluster size is advantageous for designing highly active and selective 

electrocatalysts. 

3.4. Stability of the Catalyst under Realistic Aqueous Conditions

Beyond activity and selectivity, the durability of catalysts under realistic aqueous 

conditions is crucial for their practical applications in electrochemical reactions. Thus, we 

evaluated the stability of the Cun/Mo2C systems by calculating their dissolution potential (Udiss, 

ESI), which serves as a measure of the dissolution resistance of Cun clusters from the substrate 
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into water. As expected, due to the rather strong interaction between the Cun clusters and the 

Mo2C support, the computed Udiss values for these anchored Cun clusters are rather positive 

(0.490.64 V, Fig. S7), evidencing their outstanding stability under electrochemical 

conditions. 

To examine whether the anchored Cun cluster might be covered by OH*/O* species in an 

aqueous solution during operation, we constructed the surface Pourbaix diagram to analyze 

their electrochemical stability across a wide range of pH values (0-14) and electrode potential 

(-1.5 to 3.0 V vs. SHE), where the Cu4/Mo2C system was selected a representative for its 

superior catalytic performance in urea electrosynthesis. We found that in strongly alkaline 

conditions and without applied potentials, the Cu4@Mo2C surface is covered by OH* species 

(Fig. 6f). However, applying a potential displaces these OH* species, thereby exposing the 

active sites again. Notably, the minimum potential required to remove the surface OH* species 

at pH = 14 is only −0.32 V, which is more positive than the limiting potential for urea 

production (−0.36 V). These findings suggest that Cu4/Mo2C exhibits good stability against 

surface oxidation under working conditions. To further substantiate the robust stability of 

Cu4/Mo2C, we conducted ab initio molecular dynamics (AIMD) simulations at 300 K over 10 

ps with a 2 fs timestep. The simulations showed no significant structural distortion or bond 

dissociation, attesting to the high thermal stability of the Cu4/Mo2C system (Fig. S8).
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Fig. 6. (a) Volcano plot of adsorption energy of NH2
*-NO* + CO* as a function of limiting 

potential of urea synthesis on Cun/Mo2C (n = 2 ~ 7) systems. (b) The relationships of 

adsorption energy of NH2
*–NO* + CO* with the variation of εd. (c) Reaction energy landscape 

for the subsequent reactions of co-adsorbed *NH2–*NH2 and CO*. CRR refers to CO desorption, 

CO* hydrogenation to COH* and CHO*. NORR refers to hydrogenation of NH2
*–NH2

* to NH3. 

(d) Free energy profile for HER. (e) Comparison of hydrogen adsorption free energy (ΔGH*) 

Page 25 of 34 Journal of Materials Chemistry A



26

with the adsorption free energies of (NO* + NO*) and (NO* + NO* + CO*) on Cu4/Mo2C. (f) 

Surface Pourbaix diagrams of Cu4/Mo2C. Pink dashed line represents the limiting potential for 

urea formation (UL). The blue-green line represents the redox potential (UR).

Note that there have been no prior reports on the experimental synthesis of Cu clusters 

on 2D Mo2C MXene, despite their superior catalytic performance for urea generation. To 

facilitate the practical application of these Cun/Mo2C catalysts, we recommend several 

synthesis approaches. To synthesize 2D Mo2C MXene, several studies can be used, including 

the carburization of molybdenum oxides at high temperatures,76 etching layered ternary 

Mo2Ga2C with concentrated hydrofluoric acid,77 molten copper-catalyzed chemical vapor 

deposition,78 and a salt-assisted templating approach.79 Furthermore, dispersed Cu clusters 

can be anchored on Mo2C MXene through the wet impregnation deposition method with 

CuCl2.2H2O aqueous solution as the metal precursor. Adjusting the concentration of 

precursors, solvent type, or adding additives (e.g., ligands) allows effective control over the 

growth rate and ultimate size of Cu clusters. Notably, similar approaches have successfully 

deposited Pt and Au nanoparticles of varied sizes onto Mo2C MXene.80-82 Therefore, we are 

confident that the synthesis of Cun/Mo2C is rather feasible.

4. Conclusions.

In conclusion, based on the comprehensive DFT computations, we explored the potential 

of Cu clusters supported on Mo2C monolayer as a promising catalyst for urea synthesis. The 

results showed that, due to the strong interaction, these Cu clusters favor to adhering to Mo2C 

substrate in the planar pattern, which is beneficial to capture small molecules, such as NO and 
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CO. Moreover, by comparing the different reaction mechanisms, we found that the urea 

formation is preferable to proceed via a one-step concurrent N–C–N coupling mechanism both 

thermodynamically and kinetically, among which Cu4 cluster exhibits the highest catalyst 

activity with a small limiting potential (0.36 V) and a low energy barrier (0.48 eV). Especially, 

the competitive reactions, including CO reduction/desorption, NH3 formation, HER, and 

O*/OH* coverage can be effectively suppressed, thus guaranteeing the high selectivity towards 

urea electrosynthesis. These findings offer a promising strategy to design and develop 

advanced catalysts for the synthesis of high-value-added organonitrogen chemicals from the 

catalytic coupling of carbonaceous and nitrogenous small molecules.
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