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Abstract

Electrochemical synthesis of urea offers a sustainable alternative to conventional 

industrial processes as a green synthesis strategy. However, challenges remain in 

activating inert N2 molecules and the crucial C-N coupling process. In this work, we 

doped 3d-5d transition metal atoms at the edge of 2H-MoSe2 (TM-MoSe2) to form Mo-

TM bimetallic active sites and explored their potential for urea electrosynthesis from 

N₂ and CO by density-functional theory calculations. Based on catalyst stability, N2 

adsorption, C-N coupling, and limiting potentials, Ti-, Zr-, Nb-, and Hf-doped MoSe2 

catalysts are identified as high-potential electrocatalysts for urea synthesis. Notably, 

Nb-MoSe2 demonstrates remarkable catalytic performance for urea electrosynthesis, 

characterized by its exceptional stability, ultralow limiting potential (UL = −0.35 V), 
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small kinetic barrier (0.64 eV), and significant suppression of side reactions. 

Mechanism investigations reveal that the catalytic activity (UL) of TM-MoSe2 catalysts 

in urea synthesis exhibits a volcano-shaped relationship with the binding strength of 

*NCON (ΔG*NCON). Furthermore, the variation of ΔG*NCON is linearly correlated with 

the bond lengths of adsorbed *N2 molecules. The high activity of Nb-MoSe2 stems from 

the effective activation of *N2 by the synergistic effect of Nb and Mo. This study 

provides theoretical support for the superior performance of Nb-MoSe2 catalysts in urea 

electrosynthesis and opens up new perspectives on the potential of transition metal 

dichalcogenides in electrocatalysis.

1. Introduction

Over the past century, nitrogen fertilizers have profoundly transformed agricultural 

practices, playing a pivotal role in sustaining global food security and supporting the 

livelihoods of billions worldwide.1 As the predominant nitrogen fertilizer, urea stands 

out for its exceptional nitrogen density (46%) and facile conversion to bioavailable 

ammonia (NH3), attributes that have revolutionized modern agrochemical systems and 

driven unprecedented productivity gains in crop cultivation.2 Beyond agriculture, urea 

finds broad applications including pharmaceuticals, textiles, and fuel cell 

technologies.3–5 Industrially, urea synthesis primarily relies on the reaction between 

NH3 and CO2 under harsh conditions of elevated temperature and pressure (150–200 °C 

and 150–250 bar).6 Approximately 80% of the global ammonia is used in this process 

for urea production, primarily sourced from the conventional Haber-Bosch method. 

This process heavily depends on fossil fuels, such as natural gas and coal as energy 
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sources, resulting in large amounts of CO2 emissions that account for about 1–2% of 

global CO2 emissions.1,7 Consequently, developing urea synthesis technologies under 

environmentally benign conditions is critical to reducing fossil fuel dependence and 

ensuring the sustainable development of human society. 

Electrochemical C-N coupling for urea synthesis under ambient conditions has 

emerged as a promising alternative to traditional methods.8,9 For example, Chen et al.9 

demonstrated PdCu/TiO2 for electrochemical urea synthesis from N2 and CO2, yielding 

3.36 mmol h−1 g−1 with 8.92% Faraday efficiency (FE) under ambient conditions. Ma 

et al.10 designed CeO2/Co3O4 heterostructures, achieving 5.81 mmol h−1 g−1 urea at −0.2 

V and 30.05% FE. Zhao et al.11 developed CoN3-CoAC/NC catalysts, delivering 20.83 

mmol h−1 g−1 urea at −0.4 V (FE: 23.73%). Theoretically, Zhang et al.12 

computationally proposed Cr3@C2N, enabling urea synthesis at −0.72 V via enhanced 

N2/CO2 co-activation. Liu et al.13 engineered dual-atom ReV@C2N, achieving urea 

formation at a lower limiting potential (−0.69 V). Jiao et al.14 employed density 

functional theory (DFT) calculations to investigate a two-dimensional Mo2P monolayer 

catalyst for electrocatalytic urea synthesis. Their computational study predicted a low 

kinetic barrier (0.35 eV) for C–N coupling formation and a low limiting potential 

(−0.39 V), along with significant suppression of competitive side reactions, indicating 

excellent catalytic activity. Furthermore, Jiao et al.15 adopted a combined theoretical-

experimental approach to characterize the MoP(101) surface. On this catalyst, N2 and 

CO2 were efficiently co-reduced to urea at a low limiting potential (−0.27 V) while 

maintaining effective suppression of parasitic reactions. The experimental validation 
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confirmed the theoretical predictions, achieving a urea formation rate of 12.4 μg h−1 

mg−1 and a Faradaic efficiency of 36.5%. Both theoretical and experimental studies 

confirm the Langmuir-Hinshelwood (LH) mechanism for urea electrosynthesis, where 

*CO2 is first reduced to *CO, followed by desorption and insertion of the side-adsorbed 

*N2 for coupling, and subsequent hydrogenation to form urea.16,17 

Despite the remarkable progress made in electrocatalytic urea synthesis in recent 

years, the electrochemical co-reduction of N2 and CO2 still faces many challenges, 

notably in achieving high product selectivity toward urea. The inherent complexity of 

N2 and CO2 reduction pathways arises from competing side reactions—nitrogen 

reduction (NRR), CO2 reduction (CO2RR), and hydrogen evolution (HER)—which 

disrupt the desired C-N coupling dynamics.18 These parasitic processes severely 

compromise reaction selectivity, manifesting as erratic product distributions and 

suppressed urea yields. Therefore, strategic suppression of competing pathways 

coupled with precise steering of C-N bond formation has become a pivotal challenge in 

advancing electrocatalytic urea synthesis. To address these challenges, researchers have 

proposed to utilize CO instead of CO2 as the source of carbonyls in urea synthesis.19,20 

This method simplifies the reaction pathway and enhances selectivity for C-N coupling 

reactions, significantly improving the efficiency of urea synthesis. Furthermore, CO, as 

a toxic gas, has long been one of the main components of atmospheric pollution.21 Thus, 

utilizing CO as a feedstock for urea synthesis can effectively utilize this exhaust gas, 

mitigating its negative impact on the environment and human health. The synthesis of 

urea using N2 and CO also faces a challenge: The coupling of *CO and *N2 to generate 
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the urea precursor *NCON is kinetically sluggish and faces a high kinetic barrier, 

resulting in a low activity.13,22 The root of this problem is that *CO and *N2 are typically 

adsorbed separately at different sites on the catalyst surface. The process of inserting 

*CO into the *N2 molecule requires overcoming the strong N ≡ N bond energy and 

breaking the N≡N bond, which is a very difficult task.23,24 Driven by this fundamental 

challenge, Kong et al.25 systematically investigated single-atom catalysts (SACs) 

supported on porous boron nitride (p-BN) and proposed an Eley-Rideal (ER) 

mechanism for the C-N coupling. In the ER mechanism, free CO molecules are directly 

inserted into the side-adsorbed *N2 molecules on catalyst surfaces to form a tower-like 

*NCON key intermediate, which significantly reduces the kinetic barrier of the C-N 

coupling. Building on the ER mechanism, Zhu et al.19 developed dual-atom catalysts 

(M2@N6G and MM’@N6G) on N-doped graphene substrates. Among 72 screened 

systems, eight candidates (i.e., Co2@N6G, ScNi@N6G, MnFe@N6G, FeNi@N6G, 

CoNi@N6G, CoRh@N6G, RuRh@N6G, RhNi@N6G) were selected out due to their 

low Gibbs free energy (< 1.0 V) and moderate C-N coupling barriers (1.18–1.62 eV). 

Zhong et al.26 designed dual-metals anchored on Ti2CO2 MXene (M2@Ti2CO2 and 

MM’@Ti2CO2). The VMn@Ti2CO2 system were found to exhibit ultra-low limiting 

potential ( −0.26 V) and significant inhibition of competitive reactions (NRR/HER). 

All these studies indicate that the dispersed bimetallic atoms can serve as effective 

active sites to promote urea electrosynthesis under the ER mechanism. 

In recent years, transition metal dichalcogenides (TMDs) are widely studied for their 

catalytic activity and unique electronic properties.27–29 MoSe2 outperforms MoS2 in 
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electrocatalysis due to enhanced metallic conductivity, expanded interlayer spacing, 

and robust stability. First, MoSe2 exhibits intrinsic metallic conductivity originating 

from the metallic behavior of Se atoms, whose electronic conductivity (1×10−3 S m−1) 

is orders of magnitude higher than sulfur (5×10−28 S m−1).30,31 Second, the expanded 

interlayer spacing of MoSe2 (~0.65 nm vs. MoS2: ~0.62 nm) and the larger ionic radius 

of Se- (1.98 Å vs. S2−: 1.84 Å) enhance ion diffusion kinetics, reducing mass transport 

limitations.32,33 Finally, MoSe2’s broad pH adaptability (0–14), attributed to the strong 

Se-O bond (~314 kJ mol−1), allows stable operation in diverse environments.34 MoSe2 

crystallizes in two distinct phases dictated by selenium atom arrangement: the 

thermodynamically stable 2H phase and the metastable 1T phase.35 While the 2H phase 

dominates under equilibrium conditions due to its lower formation energy, its basal 

planes exhibit limited catalytic activity owing to sparse electronic states near the Fermi 

level and unfavorable adsorbate binding thermodynamics.36 Consequently, catalytic 

activity in pristine 2H-MoSe2 primarily localizes at edge sites where undercoordinated 

Mo atoms serve as active centers.37,38 Jain et al.37 computationally demonstrated that 

introducing Se vacancies and edge-site metal doping (e.g., Fe, Co) effectively 

modulates the d-band center position, enhancing the edge reactivity. Experimental 

validations by Gao et al.39 and Kuraganti et al.40 revealed that B and Mn-doping can 

significantly enhance the catalytic performance of the MoSe2 edges. Jiang et al.41 

engineered Cu-doped MoSe2 edges with synergistic Cu-Mo dual sites, facilitating 

cooperative CO2/NO3
− adsorption that reduces the C-N coupling barrier from 1.45 eV 

to 0.68 eV. 
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In this work, we engineered Mo-TM bimetallic active sites through Se-vacancy-

mediated edge reconstruction and 3d–5d transition metal doping in 2H-MoSe2, 

systematically evaluating their electrocatalytic performance for urea synthesis from N₂ 

and CO. Following initial stability assessments of edge configurations, the optimal Nb-

MoSe2 system is identified through the combined analyses of N2 adsorption geometry, 

C-N coupling feasibility, urea selectivity, and limiting potential. The urea synthesis 

activity of TM-MoSe2 exhibits a volcano-type dependence on *NCON adsorption free 

energy (ΔG*NCON), which is linearly governed by the bond elongation of *N2 species 

(dN≡N). Ab initio molecular dynamics (AIMD) simulations further confirm thermal 

robustness, validating practical catalytic viability.

2. Computational method details

All DFT calculations and AIMD simulations were conducted employing the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional within the generalized 

gradient approximation (GGA) framework, as implemented in the DMol3 module.42,43 

The GGA-PBE methodology demonstrates remarkable reliability in reproducing 

experimental electronic structures and exciton binding energies of MoX2 (X = S, Se, 

Te), as evidenced by comparative studies by Komsa and Krasheninnikov.44 

Furthermore, Barja et al.45 revealed excellent agreement between PBE-derived local 

density of states (LDOS) for monolayer MoSe2 and experimental scanning tunneling 

spectroscopy measurements, including charge density distribution matching. Notably, 

the PBE functional has been widely adopted for probing structure-activity correlations 

between electronic configurations and electrochemical performance in TMDs, 
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establishing its validity for mechanistic investigations in electrocatalytic systems.46,47 

The PBE method with Hubbard U correction (DFT+U) provides a more accurate 

description of partially occupied d-orbitals in transition metal atoms.48 To validate our 

approach, we performed DFT+U calculations on the representative Nb-MoSe2 catalyst. 

The results show energetic trends for urea synthesis consistent with those obtained 

using standard GGA-PBE, with an average deviation of only 0.09 eV (see Fig. 

S1). Thus, given this consistency, the GGA-PBE method remains sufficient for the 

present study, and DFT+U was not employed.

To account for long-range dispersion effects, the DFT-D3 method developed by 

Grimme was employed in this study.49 The Grimme DFT-D3 method is explicitly 

parameterized for all 94 elements from H to Pu, which include 5d metals.49 For 

validation, we performed comparative calculations on the Hf-MoSe2 catalyst 

(containing 4d/5d metals) using both Grimme and TS methods. The results show 

consistent energetic trends for urea synthesis, with an average deviation of only 0.04 

eV (Fig. S2), confirming the robustness of our approach. This consistency is further 

supported by successful applications of Grimme’s method to 5d-metal catalysts in prior 

studies.50–52

Electron-ion core interactions were described using density functional semicore 

pseudopotentials (DSPP), while the double numerical plus polarization (DNP) basis 

sets were augmented with polarization functions.53,54 Upon the convergence tests (see 

Fig. S3), a 6 × 6 × 1 Monkhorst-Pack k-point grid was employed for Brillouin zone 

sampling, with a global orbital cutoff radius of 5.0 Å set in real space. During geometry 
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optimization, the following convergence criteria were applied: energy ≤1×10−5 Ha, 

max force ≤ 2×10−3 Ha/Bohr, max displacement ≤ 5×10−3 Bohr. In this study, the 

involved transition states and dynamical barriers were analyzed by the linear 

synchronous transit (LST) and quadratic synchronous transition (QST) methods.55 

Finally, AIMD simulations were carried out using the NVT ensemble56 to assess the 

thermal stability of the material. For the AIMD simulations, the temperature was set to 

300 K and 500 K, respectively, and the time step was set to 2 fs with a total period of 

10 ps. 

Previous studies have demonstrated that chalcogen vacancy defects are ubiquitous in 

layered TMDs.37 These defects can not only be generated spontaneously during 

synthesis, but also artificially introduced by post-synthesis processing techniques such 

as ion/electron irradiation, annealing, or plasma treatment.37 The (1010) edge of 

MoSe2 has been identified as a structurally stable edge that serves as an active site for 

catalytic reactions.57 Therefore, we constructed a 4 × 5 × 1 2H-MoSe2 supercell in 

which the atoms in the bottom four atomic layers of the supercell were fixed in the 

calculated lattice positions and the upper five layers were completely relaxed. The cell 

parameters of 2H-MoSe2 were determined by DFT calculations to be a = 3.296 Å and 

c = 12.924 Å, with a Mo-Se bond length of 2.543 Å, which are in good agreement with 

the experimentally measured values (a = 3.288 Å, c = 12.900 Å, Mo-Se = 2.54 Å) (see 

Table S1).37,38 A 20.0 Å vacuum layer in the x and z directions was constructed to avoid 

the interaction of neighboring cells. A vacuum layer of 20.0 Å and 10 Å was constructed 

in the b and c directions, respectively, to avoid interactions between neighboring cells. 
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The monolayer TM-MoSe2 model was designed by first generating Se vacancies at 

edges to activate Mo sites, then substituting edge Mo atoms with isolated 3d–5d 

transition metals (see Fig. 1a). 

The adsorption energy (∆E) was calculated by the following equation:

                           ∆𝐸 = 𝐸absorbate/substrate ― (𝐸substrate + 𝐸absorbate)               (1)

where Eabsorbate/substrate, Esubstrate, and Eabsorbate correspond to the total energy of adsorbate 

adsorbed on TM-MoSe2 substrates, the energy of the TM-MoSe2 substrate, and the 

energy of isolated adsorbates, respectively.

The computational hydrogen electrode (CHE) model proposed by Nørskov et al. was 

used to explain the Gibbs free energy change (ΔG) in urea electrosynthesis.58,59 For the 

transfer of proton-electron pairs, the Gibbs free energy change was defined as half of 

the gaseous hydrogen: 

                     ∆𝐺(H+ + e―) = 1/2∆𝐺(H2) ― 𝑒𝑈                  (2)

For N2/CO reduction reactions, the ΔG in each elementary step was calculated by the 

following equation:

                        ∆𝐺 = ∆𝐸 + ∆ZPE ―𝑇∆𝑆                                               (3)

where ΔE is the adsorption energy calculated by DFT. ∆ZPE and ∆S denote the change 

in zero-point energy and entropy before and after adsorption, respectively. The −TΔS 

is based on the entropy correction at 298.15 K temperature.60,61

To evaluate the catalytic activity of the urea electrosynthesis, the limiting potential 

(UL) can be calculated by the following equation:

                           𝑈L = ―∆𝐺max/e                          (4)
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where ΔGmax is the maximum value of the Gibbs free energy change in the elementary 

reaction. In addition, e is the transferred charge. A smaller ΔGmax correlates with a less 

negative UL, implying reduced energy input requirements and consequently enhanced 

catalytic activity for the urea electrosynthesis.14 

3. Results and discussion

3.1 Structure and stability of TM-MoSe2

In this work, we designed 22 TM-doped MoSe2 systems by substituting edge Mo 

atoms with 3d-5d transition metals (TMs), forming Mo-TM dual-active sites (Fig. 1a). 

The selected TMs spanned 22 elements across the 3d (Ti-Cu), 4d (Zr-Ag), and 5d (Ha-

Au) series, excluding the native Mo and radioactive Tc. Each dual-active site comprises 

a tetracoordinated Mo center and a tetracoordinated TM center bridged by two ortho-

Se atoms, creating a shared electronic environment for synergistic catalysis. After 

geometry optimization, some TM-MoSe2 catalysts exhibit a slight structural 

deformation (Fig. S4 and Table S2), due to the difference in atomic radii of the doped 

metals. Compared to undoped MoSe2, the systems doped with Zr, Nb, Ag, Hf, Ta, and 

Au show elongated TM-Se bonds, due their larger atomic radii. In contrast, doping with 

V, Cr, Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, Os, Ir, and Pt results in bond contraction, which 

can be attributed to the smaller atomic radii of these transition metals.

The Hirshfeld charge analysis shows that the bimetallic active sites are positively 

charged, whereas the neighboring Se atoms are negatively charged (Table S3). As 

shown in Fig. 1b, a linear correlation exists between the average charge of bimetallic 

active sites and their adjacent ortho-Se atoms, demonstrating direct electron donation 
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from Mo-TM centers to Se ligands. Therefore, the electronic structure of the active 

center can be effectively regulated by TM doping, which in turn enhances the catalytic 

performance. We next evaluated the urea electrosynthesis performance of these 

catalysts through a five-criteria screening framework (Fig. 1c): (i) Structural stability, 

(ii) N2 adsorption geometry, (iii) C-N coupling feasibility, (iv) product selectivity, and 

(v) limiting potential (UL), prioritized to eliminate kinetically trapped candidates. To 

evaluate the thermodynamic and electrochemical stability, the formation energies (Ef) 

and dissolution potentials (Udiss) of the TM-MoSe2 catalysts were calculated using the 

following formulas:

                𝐸f = 𝐸TM-MoSe2 ― 𝐸Se-MoSe2 + 𝑛µSe + µMo ― µTM          (5)

                  𝑈diss = 𝑈0
diss(metal,bulk) ― 𝐸f 𝑛𝑒                (6)

where 𝐸TM-MoSe2 and 𝐸Se-MoSe2 are the total energy of TM-MoSe2 and 100% Se-

terminated MoSe2, respectively. μMo and μTM represent the total energy of the Mo and 

TM atoms in their most stable bulk phases, respectively. μSe was determined from µMo 

+ 2µSe = µMoSe2.62 𝑈0
diss(metal,bulk) denotes the standard dissolution potential of the 

bulk metal and n denotes the number of electrons involved in the dissolution. Generally, 

catalysts with Ef < 0 eV and Udiss > 0 V are considered both thermodynamically and 

electrochemically stable. The Ef and Udiss values for TM-MoSe2 are given in Fig.1d, 

and the corresponding specific values are listed in Table S4. Encouragingly, the 

calculated Ef values for all 22 TM-MoSe2 systems are significantly below 0 eV, 

indicating the high thermodynamic stability. However, evaluation against the Udiss 

value reveals that the Mn-MoSe2 system exhibits poor electrochemical stability, and 
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thus it will be excluded from subsequent calculations.

3.2 Electrosynthesis of urea on TM-MoSe2

3.2.1 Adsorption of N2. In the ER mechanism of urea synthesis, effective activation 

of the inert N≡N triple bond is a prerequisite for subsequent CO insertion to form the 

key intermediate of tower-like *NCON. To investigate this process, we systematically 

investigated the adsorption and activation of *N2 on TM-MoSe2 catalysts. Five different 

adsorption configurations were considered (Fig. 2a): (1) Side-on adsorption at 

monometallic Mo sites; (2) End-on adsorption at monometallic Mo sites; (3) Side-on 

adsorption at monometallic TM sites; (4) End-on adsorption at monometallic TM sites; 

(5) Side-on adsorption at bimetallic Mo-TM sites. These configurations represent 

different interaction modes between N2 and TM-MoSe2, to explore their applicability 

in urea electrosynthesis. Notably, the lateral (side-on) adsorption thermodynamically 

favors C-N coupling by enabling efficient N≡N bond activation and optimal spatial 

alignment for tower-shaped *NCON precursor formation.25 Adsorption energy 

calculations (Table S5) reveal TM-dependent optimal configurations (Fig. 2b). While 

all catalysts exhibit stable N2 adsorption, side-on configurations consistently show 

more elongated N≡N bond lengths and enhanced activation. Specifically, TM-MoSe2 

with late transition metals (Cr, Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Re, Os, Ir, Pt, Au) 

preferentially adopt end-on adsorption. In contrast, pristine MoSe2 and variants doped 

with early transition metals (Ti, V, Zr, Nb, Hf, Ta, W) prefer side-on adsorption. 

Considering the pivotal role of side-on adsorbed *N2 in mediating CO insertion toward 

*NCON formation, subsequent mechanistic investigations specifically target pristine 
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and TM-incorporated MoSe2 systems (TM = Ti, V, Zr, Nb, Hf, Ta, W).

 To understand the influence of *CO adsorption, we calculated the co-adsorption of 

*CO and *N2 on MoSe2 and TM-MoSe2 catalysts (Table S6). The computational results 

indicate that stable co-adsorption states of *CO and *N2 can form on all catalysts. 

Notably, on Nb-MoSe2, Ta-MoSe2, and W-MoSe2 catalysts, the adsorption energy of 

*N2 is stronger than that of *CO by approximately 0.02–0.27 eV. In contrast, on the 

other catalysts, *CO adsorption is stronger than *N2 adsorption by approximately 0.07–

0.48 eV. Importantly, in the co-adsorption configuration, *CO preferentially adsorbs at 

the Mo-Se sites adjacent to the Mo-TM sites occupied by *N2 (Fig. S5). This spatial 

separation indicates that the TM-MoSe2 catalysts can provide dual active sites, thereby 

avoiding competitive adsorption between *CO and *N2.

Furthermore, the possibility of C-N coupling between adsorbed *CO and 

adsorbed *N2 species was investigated. The transition state for the C-N coupling 

process (*N2 + *CO → *NCON) was calculated on pristine MoSe2 and TM-doped 

MoSe2 (TM = Ti, V, Zr, Nb, Hf, Ta, W) catalysts. As shown in Fig. S6, the activation 

energy barriers on these catalysts are prohibitively high (1.06 eV to 2.12 eV), rendering 

the direct C-N coupling reaction energetically unfavorable. Consequently, we 

proceeded with the investigation of the ER mechanism.

It is noteworthy that CO, besides potentially inserting into activated *N2 to form the 

urea precursor *NCON, may also insert into intermediates generated during subsequent 

steps of the NRR, such as *NNH, *NHNH, or *NHNH2. We compared the free energy 

changes (ΔG) for  *N2 to *NCON formation versus its competitive intermediate *NNH 
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formation on MoSe2 and TM-MoSe2 catalysts. As shown in Fig. S7, the ΔG values for  

*N2 to *NCON formation are significantly more negative than those for *N2 to *NNH 

formation on all catalysts. For example, on Nb-MoSe2, the ΔG for *N2 to *NNH 

formation is −0.21 eV, while for *NCON formation it is −1.10 eV. This indicates a 

strong thermodynamic preference for forming the urea precursor *NCON over *NNH, 

particularly compared to subsequent NRR intermediates like *NHNH or *NHNH2. 

Consequently, this thermodynamic preference provides strong evidence that *NCON 

possesses higher stability and selectivity compared to ammonia-related species like 

*NNH. This demonstrates that our catalysts favor the reaction pathway via the ER 

mechanism, where CO inserts into activated *N2 to form the urea precursor *NCON.

3.2.2 Electrosynthesis reactions of urea. In urea synthesis, the elevated free energy 

change (ΔG) necessitates overcoming substantial activation barriers, reflecting poor 

catalytic efficiency. Previous research identified three possible thermodynamically 

unfavorable steps in the reaction pathway: (1) C-N coupling between *N2 and CO (*N2 

+ CO → *NCON); (2) Third protonation-hydrogenation step (*NHCONH + H+ + e−→ 

*NHCONH2); (3) Final protonation urea generation (*NHCONH2 + H+ + e− → 

*NH2CONH2).19 Notably, the C-N coupling step (*CO + *N2 → *NCON) represents a 

thermochemical process independent of electron transfer, where exothermic 

characteristics favor urea precursor formation.13 To ensure favorable reaction kinetics, 

we established dual thermodynamic criteria: ΔG < 0 eV for the C-N coupling step 

(ensuring spontaneity) and ΔG < 0.50 eV for protonation-hydrogenation steps 

(balancing energy efficiency and reaction rate).23,26 The calculated ΔG values for three 
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steps on MoSe2 and TM-MoSe2 (TM = Ti, V, Zr, Nb, Hf, Ta, W) are shown in Fig. 2c. 

All investigated catalysts exhibit negative ΔG values for the C-N coupling reaction, 

confirming the thermodynamic favorability of this process. This spontaneous behavior 

strongly supports urea precursor formation on all catalysts. However, pristine MoSe2 

and V-, Ta-, and W-doped systems were excluded from consideration because their 

protonation-hydrogenation steps (Steps 2–3) exceed the ΔG threshold of 0.50 eV. 

Therefore, Ti-, Zr-, Nb-, and Hf-doped MoSe2 emerge as potential catalyst candidates 

that meet all screening criteria. These systems will undergo a detailed investigation to 

elucidate the urea synthesis mechanism. In addition, pristine MoSe2 will be retained as 

a baseline reference to quantify the catalytic enhancement induced by transition metal 

doping.

3.3 Reaction mechanism on screened TM-MoSe2

The detailed pathways of urea synthesis on pristine and Ti-, Zr-, Nb-, and Hf-doped 

MoSe2 were investigated to identify the potential-determining steps. Fig. 3a shows the 

schematic structure of intermediates in urea electrosynthesis, while Fig. 3b-f present 

Gibbs free energy diagrams for pristine and Ti-, Zr-, Nb-, and Hf-doped MoSe2 

catalysts, with adsorption configurations detailed in Fig. S8. As shown in Fig. 3b–f, the 

electrosynthesis of urea over these five catalysts follows the same reaction path, i.e. * 

 *N2  *NCON  *NCONH  *NHCONH  *NHCONH2  *NH2CONH2. The 

former two steps to form *NCON (*  *N2  *NCON) are all downhill processes. For 

the C-N coupling step (*N2  *NCON), the ΔG values on MoSe2, Ti-MoSe2, Zr-MoSe2, 

Nb-MoSe2, and Hf-MoSe2 catalysts were −1.43, −0.73, −0.80, −1.10, and −0.76 eV, 
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respectively, indicating that these catalysts can thermodynamically promote the C-N 

coupling spontaneously. Structural analyses of the *NCON intermediate reveal N≡N 

bond cleavage (about 2.30 Å) with simultaneous formation of dual C-N bonds (1.40 

Å), confirming its successful generation through C-N coupling. Following the 

formation of the *NCON intermediate, catalytic hydrogenation proceeds through two 

distinct pathways: exothermic reduction to *NCONH (ΔG < 0 eV), followed by 

bifurcation into either the high-energy distal product *NCONH2 (ΔG = 0.09 to 0.52 eV) 

or the thermodynamically favored alternate product *NHCONH (ΔG = −0.58 to −0.33 

eV). The *NHCONH intermediate subsequently undergoes endergonic hydrogenation 

to *NHCONH2 (ΔG > 0 eV), culminating in the final urea formation step (*NHCONH2 

→ *NH2CONH2). Rate-determining step (RDSs) are identified as follows: MoSe2 and 

Ti-MoSe2 exhibit the highest barriers at the final step, measuring 0.79 and 0.28 eV, 

respectively. In contrast, Zr-, Nb-, and Hf-doped catalysts show maximum energy 

barriers during the penultimate transition from *NHCONH to *NHCONH2, with values 

of 0.26, 0.35, and 0.35 eV, respectively. Based on the G of RDSs, the limiting 

potential (UL) was further calculated. As shown in Fig. 3, the UL of TM-doped catalysts 

exhibits marked improvements in urea electrosynthesis activity compared to the 

undoped MoSe2 substrate (−0.79 V). Zr-MoSe2 demonstrates the most favorable 

thermodynamics with a UL of -0.26 V, followed by Ti-MoSe2 (−0.28 V), Nb-MoSe2 

(−0.35 V), and Hf-MoSe2 (−0.35 V). These values not only surpass the performance of 

conventional PdCu catalysts (−0.64 V)9 but also outperform ReV@C2N (−0.69 V),13 

MBenes materials (−0.49 to −0.65 V),23 and Ti@g-C3N4 (−0.42 V),63 highlighting the 
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superior catalytic efficiency achieved through strategic transition metal doping. 

Finally, the generated urea *NH2CONH2 will be desorbed from the TM-MoSe2 

catalysts. It is essential to ensure that urea molecules desorb weakly to quickly restore 

the catalytically active sites, facilitating a smooth progression into the next catalytic 

cycle. The desorption energy of urea molecules on Ti-, Zr-, and Nb-doped MoSe2 are 

calculated to be −1.02 eV, −1.17 eV, and −1.18 eV, significantly lower than that on 

PdCu/TiO2 (−1.68 eV),9 2D Mo2B2 (−1.28 eV), Ti2B2 (−1.55 eV), and Cr2B2 (−1.21 

eV).23 The desorption energy on Hf-MoSe2 (−1.29 eV) marginally exceeds that on 

Mo2B2 (−1.28 eV) and Cr2B2 (−1.21 eV).23 This suggests that TM-MoSe2 exhibits 

superior urea release capability during electrochemical reactions in flow cell systems.

Since urea electrosynthesis occurs in aqueous solutions, we evaluated solvent effects 

on the catalytic activity of the model Nb-doped MoSe2 system. Using an implicit 

solvation model, we recalculated Gibbs free energy profiles for urea synthesis on Nb-

MoSe2 and present the corresponding energy diagram in Fig. S9. Calculations suggest 

that the potential-determining step remains unchanged when incorporating solvent 

effects compared to gas-phase simulations, with only a 0.05 V variation in UL. This 

demonstrates that Nb-MoSe2 maintains its superior urea electrosynthesis performance 

regardless of solvent interactions.

It is worth noting that the key C-N coupling step in urea electrosynthesis is a non-

electrochemical reaction. Therefore, the kinetic barrier of the C-N coupling needs to be 

considered. Herein, we calculated the energy barrier for the *N2 reaction with *CO to 

form C-N bonds (Fig. S10). The results show that the kinetic energy barrier of C-N 
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coupling on Nb-MoSe2 is 0.64 eV, which is much lower than those on PdCu (0.79 eV),9 

Fe/p-BN (1.14 eV),25 and Co/p-BN (0.75 eV) catalysts,25 which demonstrates the 

kinetic feasibility of the coupling of *N2 and *CO on the Nb-MoSe2 catalyst.

3.4 Selectivity of urea synthesis

Competing side reactions (NRR and HER) can significantly reduce the Faradaic 

efficiency of urea synthesis.26 To ensure high selectivity for urea production, the 

limiting potential for urea synthesis ( UUrea
L ) should be lower than those of NRR (UNRR

L ) 

and HER (UHER
L ), i.e., UUrea

L  > UNRR
L  and UHER

L . Therefore, the Gibbs free energy 

diagrams of NRR and HER were calculated for Ti-MoSe2, Zr-MoSe2, Nb-MoSe2, Hf-

MoSe2, as well as pristine MoSe2 (Fig. 4 and Figs. S11–S13). As shown in Fig. 4a and 

Fig. S11, the UNRR
L  is as high as −0.5 eV to −0.8 eV for all four catalysts as well as the 

pristine substrate in the NRR process. For Nb-MoSe2, the limiting potential (UNRR
L ) of 

NRR reaches −0.80 V, which is significantly more negative than the UUrea
L  of −0.35 V 

observed during urea electrosynthesis. This notable difference in electrochemical 

driving forces indicates that the C-N coupling process preferentially proceeds to 

generate urea products, effectively suppressing the competing pathway for NH3 

byproduct formation. 

The HER on MoSe2 and TM-MoSe2 (TM = Ti, Zr, Nb, Hf) was further calculated 

(Fig. 4b and Fig. S13). As shown in Fig. S13, protons are more readily adsorbed at the 

center between Mo and TM at the edge of TM-MoSe2. Therefore, these metal atoms 

can directly receive proton-electron pairs, resulting in the production of *H. If this 

reaction continues, hydrogen (H2) byproducts will be formed and desorbed from the 
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catalyst surface, leading to a drastic reduction of the selectivity of urea. As shown in 

Fig. 4b, the hydrogen evolution on all five catalysts is poor. Among them, Nb-doped 

MoSe2 is the most effective in inhibiting the competitive HER, and the corresponding 

UHER
L  reaches −0.72 V, significantly lower than that of UUrea

L  (−0.35 V).

To further determine the urea selectivity of TM-MoSe2 catalysts, we calculated the 

difference between UUrea
L  with UNRR

L  and UHER
L  (Fig. 4c). The values of UUrea

L  - 

UNRR
L  and UUrea

L  - UHER
L  on pristine MoSe2 are −0.11 V and −0.13 V, respectively, 

indicating that thermodynamically favor competing NRR and HER pathways, 

hindering the production of urea. This selectivity limitation persists in Hf-MoSe2 (UUrea
L

- UHER
L  = −0.01 V), albeit with reduced severity. Remarkably, Ti-, Zr-, and Nb-doped 

catalysts exhibit positive potential difference, establishing an electrochemical window 

where urea synthesis becomes thermodynamically dominant. Particularly noteworthy 

is Nb-MoSe2, positioned in the optimal quadrant of Fig. 4c with the largest potential 

difference (UUrea
L  - UNRR

L  = +0.53 V; UUrea
L  - UHER

L  = +0.35 V). The significant 

positive potential differences suggest that Nb-MoSe2 can completely suppress the 

NRR/HER pathways, enhancing Faradaic efficiency in urea electrosynthesis.

3.5 Source of activity of Nb-MoSe2

In the catalytic reaction, the adsorption and activation of reactants play a decisive role. 

To further explore the excellent performance of Nb-MoSe2, the charge density 

difference and partial density of states (PDOS) of its adsorbed *N2 were analyzed in 

detail. The charge density difference plot (Fig. 5a) shows that the two N atoms of *N2 

form effective chemical bonds with Mo and Nb, respectively. *N2 acquires electrons 
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from the Mo-Nb bimetal, with the electrons residing on the N-Mo and N-Nb bonds 

(green colour). This induces charge dissipation in the N ≡ N bond (yellow colour), 

suggesting that the synergistic effect of Mo and Nb effectively weakens the N≡N bond 

and facilitates subsequent CO insertion. The PDOS diagram (Fig. 5b) indicates strong 

p-d orbital matching between the p orbitals of *N2 and the d orbitals of both Mo and Nb 

atoms near the Fermi level. This reveals orbital hybridization and electron transfer 

between *N2 and the bimetal system, further confirming the successful activation of the 

N≡N bond. In addition, the Fermi energy level is in a continuous and non-zero density 

of electronic states, indicating that the catalyst structure of Nb-MoSe2 has good 

electrical conductivity.

Our calculations identified two thermodynamically unfavorable steps in the urea 

synthesis process on TM-MoSe2, corresponding to the final two hydrogenation stages, 

where the progressively increasing ΔG hinders the kinetics of urea formation. To probe 

these barriers, we systematically quantified the ΔG values of these steps alongside the 

adsorption energies (ΔE) of the intermediates *NHCONH and *NH2CONH2. As shown 

in Fig. S14, the ΔG values exhibit strong linear correlations with ΔE*NHCONH (R2 = 

0.89) and ΔE*NH2CONH2 (R2 = 0.83), respectively. Importantly, tuning ΔE*NHCONH and 

ΔE*NH2CONH2 within the thresholds of −6.98 to −6.48 eV and −1.29 to −1.02 eV, 

respectively, can keep ΔG in an ultralow range, favoring urea formation. Therefore, 

these ΔE intervals can serve as robust descriptors for high-throughput screening of 

efficient urea synthesis catalysts. 

However, screening by two reaction intermediates, *NHCONH and *NH2CONH2, 
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still has a large workload, so we worked on finding other descriptors to screen the 

catalysts more efficiently. Fig. 5c shows the volcano curves between the limit potential 

UL of urea synthesis and the adsorption free energy of intermediate *NCON (ΔG*NCON) 

on TM-MoSe2 catalysts. It can be observed that the catalytic activity of urea synthesis 

is poor when the binding strength of *NCON is too strong (e.g., MoSe2, Ta-MoSe2, and 

W-MoSe2) or too weak (e.g., V-MoSe2). In contrast, Ti-MoSe2, Zr-MoSe2, Nb-MoSe2, 

and Hf-MoSe2 are located at the top of the volcano curves, suggesting that the 

adsorption of *NCON on these catalysts reaches the optimal binding strength for 

promoting urea synthesis. Therefore, ΔG*NCON can be used as an effective indicator to 

characterize the activity of catalysts for urea synthesis, with optimal adsorption free 

energies ranging from −2.28 to −1.59 eV. In addition, we found an approximately linear 

correlation between the N≡N bond lengths of *N2 and the ΔG values of *NCON (R2 = 

0.87, see Fig. 5d). This correlation suggests that ΔG*NCON gradually decreases as the 

N≡N bond length increases. Therefore, a suitable N≡N bond length (−1.19 to −1.22 Å) 

can balance the magnitude of ΔG*NCON and thus facilitate urea electrosynthesis.

Finally, we performed AIMD simulations of the Nb-MoSe2 catalyst to evaluate its 

thermal stability. As shown in Fig. 6, after 10 ps of simulations at temperatures of 300 

K and 500 K, the Nb-MoSe2 catalyst maintains a stable energy profile and retains 

structural integrity, with no observable bond rupture or structural reconstruction. These 

findings conclusively demonstrate the exceptional thermal stability of Nb-MoSe2 under 

elevated temperature conditions. Overall, the screened Nb-MoSe2 catalysts exhibit 

good thermodynamic, electrochemical, and thermal stability, which ensures their 
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practical application in the electrocatalytic synthesis of urea.

3.6 Outlook on alternative C–N coupling mechanisms 

Recent studies64 indicate an alternative pathway for urea synthesis where CO undergoes 

stepwise coupling with ammonia species generated during the NRR. In this mechanism, 

adsorbed N2 is first protonated to form *NHxNHy intermediates. These 

*NHxNHy species subsequently dissociate. CO then undergoes an initial C-N coupling 

with a dissociated *NHx fragment to form *NHxCO, followed by a second C-N coupling 

with another dissociated NHy species to yield *NHxCONHy. Protonation steps 

ultimately produce urea. To evaluate this pathway on our screened catalysts, we 

calculated the transition states for stepwise coupling on Nb-MoSe2. The results confirm 

that CO can undergo stepwise C-N coupling with NRR-derived ammonia species at low 

energy barriers (0.12 eV to 0.83 eV, Figs. S16-S18). For example, the 

pathway involving CO + *NHNH → CO + *NH + *NH → *NHCO + *NH → 

*NHCONH exhibits energy barriers of only 0.32 eV, 0.54 eV, and 0.16 eV for the key 

dissociation and coupling steps, respectively. Consequently, catalysts that 

thermodynamically and kinetically favor the initial NRR steps to form *NHxNHy 

intermediates hold significant promise for efficient urea electrosynthesis through this 

stepwise C-N coupling mechanism.

4. Conclusion

In this work, the edge-active sites of 2H-MoSe2 nanoribbons doped with 3d–5d TM 

atoms were systematically screened via DFT calculations to evaluate their potential for 

electrocatalytic coupling of N2 and CO toward urea synthesis. Theoretical results 

Page 24 of 40Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/4

/2
02

5 
3:

33
:4

0 
A

M
. 

View Article Online
DOI: 10.1039/D5TA04475H

https://doi.org/10.1039/d5ta04475h


24

demonstrate that Nb-MoSe2 exhibits exceptional catalytic performance for urea 

electrosynthesis, attributed to its superior structural stability, ultralow limiting potential 

(−0.35 V), reduced kinetic barrier (0.64 eV), and effective suppression of competing 

side reactions (e.g., NRR and HER). Furthermore, computational data reveal a strong 

correlation between the catalytic activity (quantified by the limiting potential, UL) of 

TM-MoSe2 catalysts and their binding strength to the *NCON intermediate (ΔG*NCON), 

which linearly correlates with bond-length variations in adsorbed *N2 molecules. The 

enhanced activity of Nb-MoSe2 originates from the synergistic electronic effect 

between Nb and Mo atoms, which facilitates efficient *N2 activation through orbital 

hybridization. This study not only highlights the promise of Nb-doped MoSe2 edge sites 

for urea electrosynthesis but also expands the applicability of TMDs in advanced 

electrocatalytic systems. 
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Fig.1 (a) Geometric structure of TM-MoSe2 and the considered 22 transition metals. (b) The relationship of Hirshfeld charges between the 

bimetallic M and ortho-Se. (c) Depiction of screening chart flow. The blue, gray, red and white balls represent N, C, O, and H atoms, respectively. 

(d) Calculated formation energy and dissolution potential.
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Fig.2 (a) Schematic illustration of adsorption configurations of *N2 on TM-MoSe2. (b) Calculated free energies and corresponding N≡N bond 

lengths for the most stable adsorption configuration of *N2. (c) Calculated free energy changes for three key steps (*N2 + CO → *NCON, 

*NHCONH + H+ + e− → *NHCONH2, *NHCONH2 + H+ + e− → *NH2CONH2) on eight systems. The ΔG value of 0.50 eV for three key steps is 

set as a criterion, marked in a red dotted line.
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Fig.3 (a) Schematic structure of reaction intermediates in the urea electrosynthesis process. The blue, gray, red and white balls represent N, C, O, 

and H atoms, respectively. The two vertical lines indicate the coordination bonds between the reaction intermediates and the metal center of 

catalysts. Free energy diagrams for urea electrosynthesis on (b) MoSe2, (c) Ti-MoSe2, (d) Zr-MoSe2, (e) Nb-MoSe2 and (f) Hf-MoSe2. 
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Fig.4 (a) Free energy diagram for NRR on Nb-MoSe2. (b) Free energy diagrams for HER on five systems. (c) Computed limiting potential 

difference between urea synthesis and NRR (UUrea
L ― UNRR

L ) versus that between urea synthesis and HER (UUrea
L ― UHER

L ).
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Fig.5 (a) The charge density difference of Nb-MoSe2 with N2 adsorption, where green (yellow) stands for the electron accumulation (depletion). 

(b) Projected density of states (PDOS) of *N2 adsorbed on Nb-MoSe2. The Fermi level is set to 0 eV. (c) Volcano plot for the limiting potential of 

urea synthesis on eight systems as a function of G*NCON. (d) Linear scaling relationship between the bond length of *N2 and G*NCON. The catalysts 

with red asterisks are those whose limiting potentials meet the screening criteria.
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Fig. 6 AIMD simulations of Nb-MoSe2 (a) at 300 K and (b) at 500 K.
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Data Availability Statement

The data that supports the findings of this study are available on request from the 

corresponding author Dr Lianming Zhao upon reasonable request.
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