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Abstract. In this study, we report the design and investigation of a Janus MoWC
monolayer, derived from pristine Mo.C MXene through first-principles
calculations based on density functional theory (DFT). By introducing
compositional asymmetry in the MXene structure, we aim to tune its electronic
and catalytic properties for enhanced nitrogen reduction reaction (NRR)
performance. The thermal and dynamical stabilities of the Janus MoWC
monolayer are systematically evaluated, confirming that the material is both
stable and viable for catalytic applications. Our calculations reveal that the
asymmetric structure significantly strengthens the adsorption of N2 molecules
compared to its pristine counterpart, thereby facilitating the activation of the inert
N=N bond. The analysis of the NRR pathways shows that the Janus MoWC
monolayer prefers an enzymatic mechanism, with a free energy change of only
0.52 eV for the rate determining step. The enhanced N: adsorption capacity,
coupled with favorable energetics and robust structural stability, suggests that the
Janus MoWC monolayer could serve as an effective catalyst for sustainable
ammonia production.
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1 Introduction

Ammonia (NHs) plays a crucial role in a wide range of applications, from enhancing
agricultural productivity to serving as a key industrial chemical [1]- [3]. Its economic
and environmental significance has driven the search for highly active and selective
catalysts for the nitrogen reduction reaction (NRR) [4]. However, current industrial
ammonia production methods, mainly the Haber—Bosch process face inherent limita-
tions, as they require harsh conditions like high temperatures (350-550 0C) and pres-
sures (150-350 atm), leading to substantial energy consumption [2], [5], [6]. This chal-
lenge comes from the strong triple bond (N=N) and high bond dissociation energy in
molecular nitrogen, which is difficult to cleave under ambient conditions. Moreover,
the similar reduction potentials of nitrogen and the hydrogen evolution reaction (HER)
hinder effective N, adsorption and activation on electrode surfaces [7]. To overcome
these barriers, the development of highly efficient electro catalysts with superior selec-
tivity is essential, aiming to lower the NRR energy threshold while suppressing the
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competing HER. To date, a number of metal-based materials have been widely inves-
tigated as NRR catalysts. The availability of d-orbital electrons which can facilitate the
n-back donation process makes transition metal based materials prominent. However,
their practical application is often limited by high cost, scarcity, poor selectivity, or
limited durability. As a result, the development of novel, efficient electro catalysts for
NRR remains a significant challenge in the field.

Recent advances in low-dimensional materials, especially those containing transition
metals have unveiled structures with remarkable properties, arising from their variable
oxidation states and strong spin-orbit coupling. These distinctive features make them
highly attractive for both fundamental studies and practical applications. Among these
materials, MXenes stand out as a prominent class of two-dimensional (2D) transition
metal carbides and nitrides, typically expressed by the formula My+1X,, where M is a
transition metal, X is carbon or nitrogen, and n ranges from 1 to 3[8]—[10]. Experimen-
tally, MXene can be prepared from their MAX phase by the chemical exfoliation of Al
under wet HF conditions, resulting in the 2D form [11], [12]. MXenes are attractive
due to their outstanding chemical and mechanical stability, structural tunability across
monolayer to multilayer forms, and the flexibility to incorporate a wide range of tran-
sition metals.

The pioneering Janus monolayer structure was first reported by Lu et al., representing
a major breakthrough in materials science. They successfully synthesized MoSSe by
modifying the conventional MoS; structure, introducing out-of-plane asymmetry that
significantly enhanced the Rashba effect [13]. Subsequent theoretical studies were done
to investigate the catalytic activities of Janus TMDs. Most of the Janus TMDs were
found to be catalytically very active towards HER [14], [15]. Similarly, MXenes also
can be altered into their corresponding Janus structures. In M»X kind of MXenes C or
N atoms are sandwiched between the transition metal layers. One of the metal layers
can be replaced with another transition metal layer which can lead to the formation of
MM’X type Janus structures. Akgenc et.al explored the electronic, magnetic, and struc-
tural properties of Cr based MM’C Janus structures. These materials were found to
show unique electronic and magnetic properties [16]. Madira et.al explored the poten-
tial of some MM’C kind MXenes towards electrodes in super capacitors, highlighting
that the charge storage capacity is enhanced by the surface engineering process [17].
2H phase of Janus MoWC MXene is identified as the most stable configuration, show-
ing superior mechanical strength due to strong C—C bonding and withstanding up to 9%
tensile strain. Additionally, 2H-MoWC is identified as a superconductor with a Tc of
1.6 K, which increases to 7 K under biaxial strain, making it a promising material for
2D straintronic applications [18].

Inspired from the exceptional characteristics of Janus MXene structures, this study
explores the NRR activity of MoWC MXene using Density Functional Theory (DFT).
The Janus structure is engineered from the corresponding parent material Mo,C. The
NRR activity is primarily investigated from the N, adsorption strength and N activa-
tion. To validate the catalytic activity, the theoretical over potential is calculated from
the free energy diagram and limiting potential. In addition, a selectivity analysis is con-
ducted to assess the ability of the material to suppress the competing HER [19].
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2 Computational methods and models

DFT computations are carried out using Vienna ab initio Simulation Package (VASP)
[20] [21]. The exchange correlation part is treated by the Perdew—Burke—Ernzerhof
(PBE)[22] functional in the frame work of Generalized Gradient Approximation
(GGA). Projector Augmented Wave (PAW)[23] pseudopotential is used to approxi-
mate the core-valence interactions. Long range Vander waals interactions are accounted
by empirical correction in Grimme’s method (DFT + D2) [24] as implemented in
VASP. Geometry optimizations are performed with an energy convergence of 10 and
a force convergence of 107 eVA"'. An energy cutoff of 460 eV is utilized in the expan-
sion of the plane wave basis sets for the optimization of the monomer unit cell. K-point
sampling of 17x17x17 and 5x5x1 are used for the monomer unit cell and supercell
respectively employing the Monkhorst-Pack[25]. A 4 x 4 supercell is used to study
HER activity. A 20 A vacuum is added along the z-direction to avoid any unphysical
interaction between periodic images. To evaluate the catalytic potential, Gibbs free en-
ergy (AQG) is evaluated for all the elementary steps in the NRR process employing the
Computational Electrode Model (CHE)[19], [26]. The AG is calculated using the equa-
tion,

AG = AE + AZPE — TAS + AGpy (1)

Where AE is the difference in total energy obtained from VASP calculations, AZPE
term denotes the zero-point energy difference, obtained by calculating the vibrational
frequencies of the corresponding species, and AS represents the entropy change evalu-
ated at room temperature (T = 298.15 K). AGyn is the free energy contribution due to
proton concentration, obtained using the equation AG,y =2.303KsT pH and pH is set
to 0, corresponding to strongly acidic conditions. The free energy diagram is plotted
based on the calculated AG values of elementary steps and the limiting potential is cal-
culated as,

U, = —max(AG1,AG2,AG3 ...AGn)/e (2)

to evaluate the NRR activity.
The adsorption energy for different adsorbates is calculated using the equation,

Eaas = Etotar — (Emono + Emot) 3)

Here Ety¢q is the total energy after adsorption, Epono represents the energy of the
monolayer and Ey,,; is the energy of the adsorbate.

3 Results and Discussions

3.1 Geometrical structure and electronic properties

For constructing Janus MoWC, initially we have optimized the structure of the parent
material Mo,C. 2D Mo,C can be derived by selectively removing the Al layer from its
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Mo;AlC MAX phase. In Mo2C, carbon layer is sandwiched between two layers of Mo
atoms, forming hexagonal lattice classified under the space group P6m2. The optimized
lattice parameters of the unit cell are a=b=2.87A which is well agreeing with the previ-
ous results [27] and the Mo-C bond length is calculated to be 2.12A. The 2D Janus
MXene is obtained from Mo>C by replacing one of the Mo layer by W layer thereby
breaking the structural symmetry as shown in Figure 1a. The optimized Janus structure
exhibits a lattice parameter of 2.82 A. The Mo-C bond length is slightly reduced to
2.10A and W-C bond length is increased to 2.15A which indicates the symmetry dis-
ruption due to Janus functionalization.

The dynamical stability of both structures are confirmed from the phonon dispersion
along the high symmetry points of the Brillouin zone I'-M-K-I" as shown in figurelb.
The phonon dispersion reveals nine phonon modes, with no imaginary frequencies ob-
served. Ab-initio Molecular Dynamics (AIMD) simulations were conducted to evaluate
the thermal stability of the structure at elevated temperatures. The simulations were
performed in a canonical (NVT) ensemble at 300 K using the Nose—Hoover thermostat
for temperature regulation, with a time step of 1.0 fs over 5000 steps, as illustrated in
figure 1c. Both materials are found to retain their structure after simulation, indicating
structural stability at room temperature.
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Fig. 1. (a) Optimized supercell of MoWC (b) Phonon dispersion and (c) AIMD simulation of
MoWC.

Electronic structure of Janus MoWC is analyzed from Density of States (DOS) and
band dispersion. The material is found to be non-magnetic in nature. From the projected
density of states (PDOS) and band dispersion in figure 2, it is clear that multiple bands
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are crossing the fermi level indicating the metallic behavior. Hence Janus structure re-
tains the metallic character and conductivity of the parent material. PDOS indicates that
main contribution near the fermi level comes from the Mo and W d-orbitals.

L

-2
E-Eg(eV)

Fig. 2. (a) PDOS and (b) band dispersion of MoWC MXene.

3.2 N adsorption and activation

A strong N, adsorption and activation are the pre requisites for NRR. In order to inves-
tigate N, adsorption on Janus MoWC, a 4x4 supercell is modeled. N, adsorption can
be carried out on three possible sites T1, H1 and H2 as shown in figure 3a. Also, two
possible adsorption configurations of N> molecule are studied; side-on and end on con-
figurations (Figure 3b and 3c¢). The calculated adsorption energy values and N=N bond
lengths are tabulated in tablel. A more negative value of adsorption energy indicates
stronger binding between N and the 2D MXene surface, indicating enhanced activation
of the nitrogen molecule. The calculated adsorption energies indicate that maximum
adsorption and bond stretching is occurring on H2 site with side on configuration. Here
two N atoms are interacting with the three adjacent metal atoms. Hence further analysis
is based on this configuration.

Table.1. N, adsorption energy and bond lengths at different sites.

Site Eads (eV) Bond length (A)
T1-end on -0.93 1.13
T1-side on -0.16 1.14
Hl-end on -0.18 1.18
H1-side on -1.52 (shift to H2) 1.33
H2-end on -0.94 1.14

H2-side on -1.52 1.33
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(b)

Fig. 3. (a) Possible adsorption sites on MoWC (b) side-on configuration and (c) End-on config-
uration

The amount charge transfers between the catalyst and N> molecule is studied using
Bader charge analysis [28]. A net charge of 1.27e is transferred from the catalyst to the
molecule. For better understanding, the Charge Density Difference (CDD) is plotted in
Figure 4b. There is a notable charge depletion between the N=N bond which indicates
the weakening of the strong triple bond. A charge accumulation which is an indicative
of bonding is also observed between the N atoms and bonded metals. The electron do-
nation and back donation mechanism is visible from the CDD plot. Mo has empty d
orbitals to accept lone pair of electrons from N> molecule, simultaneously Mo can do-
nate d electrons back to the anti-bonding m* orbital of N. It implies that N, can act as
both electron donor and acceptor at the same time. The charge depletion around the
bond and accumulation near the N atoms validates the mechanism.

For more insights, PDOS of the adsorbed configuration is analyzed, which is shown
in figure 4a. Significant hybridization is observed between the metal d orbital and the
N2 molecule. On adsorption, the N, n* orbital interacts with Mo-d orbital to form the
partially occupied d-n* orbitals. While, Mo-d orbital and N, ¢ orbital hybridize to form
the occupied d-o orbitals. It provides evidence for the back donation mechanism.
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Fig. 4. (a) PDOS and (b) Charge density difference plot for N2 adsorbed system.

3.3  The reduction mechanism and selectivity

NRR can proceed through six coupled proton and electron transfer steps which can be
represented as,

N;(g) »* NN (4)
«NN + H* + e >+« NNH (5)
«NNH + H* + e »« NH —HN * (6)

* NH— HN * +H* + e >« NH —x NH, (7)
« NH —x NH, + H* + e >+ NH, — NH, (8)
* NH, —x NH, + H" + e >x NH, + NH; (9)

* NH, + Ht + e > NH;(g) (10)

The NRR can follow either alternating, distal or enzymatic mechanisms. End-on con-
figurations generally follow alternating or distal mechanisms and side-on configuration
follow enzymatic mechanism. All these mechanisms involve the transfer of six protons
and six electrons, and yielding two molecules of NHs. In the distal pathway, the proton—
electron pairs (H* + ¢") initially attack the nitrogen atom farther from the MXene sur-
face active site to produce the first NH3 molecule, followed by protonation of the sec-
ond nitrogen to generate the second NHs. In contrast, the alternating and enzymatic
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pathways involve sequential protonation of both adsorbed nitrogen atoms as shown in
Figure 5. Since the most stable adsorbed configuration for MoWC is side-on, we are
investigating the enzymatic mechanism only.

&-%-5@-%@\

*NNH, *NNH;, *N
-
*NH, *NH,
“NN “NNH \ /
9& - 4552 - 4.'?& - 9&
*NHNH “NHNH, *NH,NH, *NH,NH;,

Fig. 5. Optimized structure of reaction intermediates

Six electron/proton pairs alternately attacking the N, molecule and first NH3 molecule
is released in the fifth hydrogenation step. Figure 6 shows the free energy diagram for
NRR on MoWC. N, adsorption, which is the first step of NRR can occur spontancously
without the need of any additional energy. The first hydrogenation which results in the
formation of *NNH species needs to overcome a barrier of 0.23 eV. In most of the NRR
catalysts the first protonation step is typically the rate determining step. Since the mol-
ecule is elongated by 0.22A in the case of MoWC, the activation is more and the barrier
is relatively less. The second hydrogenation is exothermic with the release of 0.1eV.
The fourth hydrogenation step, which is the rate determining step (RDS) involves a free
energy change of 0.52 eV. Although the sixth hydrogenation involves a higher free
energy change (0.75 eV), the large amount of energy released during the preceding
exothermic step compensates for it and can’t be considered as the RDS. Hence the lim-
iting potential of NRR for MoWC is governed by the fourth hydrogenation step which
is -0.52 eV. Compared to pristine Mo>C, which exhibits a limiting potential of -0.86 eV
[29], the significantly reduced limiting potential of the Janus MoWC catalyst indicates
enhanced favorability for NRR.
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Fig. 6. Free energy diagram of NRR

HER is the main competitive reaction for NRR. The H+ ions can show an affinity
for the same active sites on the surface of electro catalysts, which can lead to the H»
evolution at similar limiting potentials as NRR, which reduces the selectivity. In order
to estimate the selectivity, H adsorption study is carried out on the catalyst. The adsorp-
tion energy of H atom (-0.71 eV) is more positive than that of N2 (-1.51 eV) demon-
strating that the active sites interact more favorably with N». To further evaluate HER
activity, the Gibbs free energy for H adsorption (AGw) on the catalyst surface is calcu-
lated to be -0.47 eV, which is significantly more negative than the ideal value (AGx=0)

indicating poor HER activity. Thus, the Janus MoWC catalyst exhibits excellent cata-
lytic activity for NRR, along with favorable selectivity.

3.4  Comparison with other MXenes

To have more comprehensive idea, we made a comparison of AG values of Janus
MoWC with other well-known MXenes, as shown in Figure7. Our results reveal that

Janus MoWC exhibits the lowest AG among all the MXenes, highlighting its strong
potential as a promising NRR catalyst.
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Fig. 7. Comparison of AG values of other MXenes.

4 Conclusion

In this study we explored the catalytic activity of Janus MoWC derived from the pristine
2D Mo2C MXene. The electronic properties of the material are modified by surface
engineering and hence the catalytic activity is enhanced. The Janus configuration im-
proves N adsorption and facilitates N=N bond activation, favoring an enzymatic NRR
pathway with a low energy barrier of 0.52 eV for the rate-limiting step. These results
highlight Janus MoWC as a promising candidate for efficient and sustainable ammonia
production.
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