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We investigated electrochemical nitrogen reduction reaction
(eNRR) on MXenes consisting of the vacancy defects in the
functional layer using density functional theory calculations. We
considered Mo2C, W2C, Mo2N, and W2N MXenes with F, N, and O
functionalization and investigated distal and alternative associa-
tive pathways. We analyzed these MXenes for eNRR based on
N2 adsorption energy, NH3 desorption energy, NRR selectivity,
and electrochemical limiting potential. While we find that most
of the considered MXenes surfaces are more favorable for eNRR

compared to hydrogen evolution, these surfaces also have
strong NH3 binding (> � 1.0 eV) and thus will be covered with
NH3 during operating conditions. Amongst all considered
MXenes, only W2NF2 is found to have a low NH3 desorption
energy along with low eNRR overpotential and selectivity
towards eNRR. The obtained eNRR overpotential and NH3
desorption energy on W2NF2 are superior to those reported for
pristine W2N3 as well as functionalized MXenes.

Introduction

Ammonia synthesis is an endothermic reaction and is carried
out industrially via the Haber-Bosch process on Fe/Ru-based
catalysts at high temperatures (300 to 500 °C) and pressures
(200 to 300 bar).[1] Due to these harsh operating conditions and
the requirement of molecular hydrogen, ammonia production is
highly centralized and accounts for around 2% of global energy
consumption along with 1.8% of global CO2 emissions.

[2–4] It is,
therefore, imperative to explore alternatives for the Haber-
Bosch process to synthesize NH3 at milder operating conditions.
In this regard, the electrochemical nitrogen reduction reaction
(eNRR) has gained much attention recently.[5–8] In eNRR, under
the application of external potential, the dissolved dinitrogen
gas from the electrolyte is first adsorbed on the cathode/
catalyst surface and is subsequently protonated to produce
ammonia which is then de-adsorbed from the cathode/catalyst
surface. The overall reaction efficiency is predominantly
governed by the underlying catalyst which ideally should only
produce ammonia with no over-potential.
Numerous catalysts such as transition/noble metals[9,10] and

their nitrides[11–15]/oxides[11,16,17] have been computationally/
experimentally explored for their potential application in
eNRR. However, all tested catalysts so far suffer from low
faradic efficiency (<2%)[18–20] and low ammonia yield
(<10� 9 mol cm� 1 s� 1). The N�N bond dissociation and the weak
adsorption of N2 on the catalyst surface are major bottlenecks
for eNRR catalyst performance. The competitive hydrogen
evolution reaction (HER) further adds to these challenges
under aqueous operating conditions. There is, therefore, a
need to identify catalysts that can activate the N2 molecule

and facilitate its subsequent protonation while outperforming
the competing HER.
MXenes are a class of novel 2D materials that are

synthesized by exfoliation of the corresponding bulk MAX
phase.[32,33] MXenes are actively tested for their potential
applications in various electrochemical processes such as CO2
reduction to hydrocarbon products,[21] HER,[22,23] oxygen reduc-
tion/evolution reaction.[24,25] Further, MXenes are also tested for
eNRR due to their high electrical conductivity and active
sites.[26,27] For instance, Azofra et al. reported that V3C2 has a
promising eNRR performance due to a low limiting kinetic
barrier for the transition state between N2 and N2H on the V3C2
surface.[28] Shao et al. systematically studied MXenes with M2X
configuration and reported that Mo2C and W2C are the most
active candidates for the activation of N2 molecules amongst
considered MXenes.[29] These computational studies, however,
were carried out for bare MXene surfaces while experimentally
MXenes are covered with various functional groups (depending
on synthesis conditions).[30,31] For functionalized MXenes, Lv
et al. proposed a different mechanism for eNRR, where the
reaction intermediate captures the hydrogen from the hydroxyl
functional surface atoms.[32] The applied negative potential
subsequently self-repairs the hydrogen vacancy on the
surface.[32] Johnson et al. studied 65 MXenes consisting of bare
and functionalized surfaces and filtered out W2CH2 as an
efficient eNRR catalyst based on theoretical overpotential
(~0.9 V), stability, and selectivity for eNRR.[11] However, the
desorption of NH3 is not considered in this study, which is
crucial in determining the poisoning of the catalyst surface
during eNRR.[11,33,34] Furthermore, the role of defects in activating
the otherwise inactive catalysts was not explored in any of
these studies on functionalized MXenes.
For eNRR, the active catalyst sites must have two character-

istics: accept a lone pair of electrons and activate the N�N bond
by donating electrons to anti-bonding orbitals.[35–37] From this
perspective, the redistribution of electrons via vacancy-defect
engineering[36,38] improves the catalyst performance as was
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reported for nitrogen vacancies in transition metal nitrides
nanosheets.[39,40] Jin et al. reported that nitrogen vacancies in
layered 2D MXene W2N3 create an electron-deficient environ-
ment that facilitates nitrogen adsorption along with an
accompanying reduction in the electrochemical overpotential.
The synthesized catalyst with nitrogen vacancies in W2N3
resulted in a high Faradic efficiency of ~11% along with yield
rates of ~10� 11 molcm� 1 s� 1 for ammonia production compared
to pristine W2N3 nanosheets,

[39] thus suggesting that vacancy
defect engineering of MXenes could be a promising strategy for
eNRR.
In this work, we explore eNRR on MXenes Mo2CTx, W2CTx,

Mo2NTx, and W2NTx with vacancy defects in the functional layer
(Tx). We focus on four basic criteria for eNRR: (i) N2 activation,
(ii) limiting potential, (iii) selectivity towards eNRR, and (iv) de-
esorption of NH3 molecules. All criteria are investigated with a
combination of DFT and computational hydrogen electrode.[41,42]

Based on these basic criteria, we identify W2NF2 with vacancy
defects as a potential efficient catalyst candidate for eNRR.

Methodology

The density functional theory (DFT) as implemented in the
Vienna ab initio simulation package (VASP) is used to obtain the
energies for considered MXene surfaces.[43] The projected
augmented wave (PAW) method-based pseudopotentials are
used with Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional.[44] The plane-wave kinetic energy cutoff is fixed at
550 eV and the Monkhorst-pack electronic wavevector grid of
size 14×14×1 is used for the unit cell-based structure relaxation.
The total energy and forces are converged to 10� 6 eV and
10� 4 eV/Å, respectively. The adsorption energies of eNRR
intermediates are obtained from the basal plane of 3×3×1

supercells. The geometry optimizations of the pristine surface
and eNRR reaction intermediates are performed with a 4×4×1
Monkhorst-pack electronic wavevector grid. DFT-D3 van der
Waals corrections are used in all calculations[45] along with a
vacuum of 15 Å.
The computational hydrogen electrode (CHE) method is

used to obtain the electrochemical potential for eNRR on
different catalyst surfaces.[46] The free energy change (ΔG) of
each reaction step is calculated as:

DG ¼ DE þ DEZPE � TDS � neUþ 2:302 kBT pH (1)

Here, ΔE, ΔEZPE and TΔS are differences between the
potential energy, zero-point energy (ZPE), and entropy of the
reactants and products, respectively, n represents the number
of proton-electron pairs in each reaction step, and U is the
applied/needed potential. ΔEZPE-TΔS determines the vibrational
energy correction to the free energy change and is obtained
based on vibrational frequencies of normal modes using the
ASE thermochemistry module.[47] For the present work, pH is set
to 0 and the applied/needed potential is obtained from the
maximum of the free energy difference of the overall reaction,
i. e. U=max(ΔG)/e.

Results and Discussion

The layered structure of MXenes consists of five atomic layers,
demonstrated as Tx-M-(C or N)-M-Tx, as shown in Figure 1(a). We
investigated eNRR on M2CTX MXenes with M=Mo, W, and Tx=
F, N, O, and M2NTX MXenes with M=Mo, W and TX=F, O
resulting in a total of 10 configurations. For each configuration,
we considered two different functionalization sites: face-
centered cubic (fcc) and hexagonal closed pack (hcp). After

Figure 1. (a) The layered structure of MXene consisting of five atomic layers, Tx-M� C/N� M-Tx, where Tx and M are functional and metal atoms respectively,
(b) top view of vacancy defect in functional layer of 3×3 supercell of functional MXene, (c) “side-on”, and (d) “end-on” adsorption configuration of N2 over the
MXene surface. Missing red atom identifies the the vacancy defect site in the functional layer in (b).
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structure relaxation, we find that for O functionalization, the fcc
site is energetically more stable for all MXenes. For N and F
functionalization, other than W2CF2 for which the fcc site is
more stable, the hcp site is energetically more favorable for all
MXenes. The vacancy defects are created on the basal plane of
these stable configurations by removing one functional atom
from the 3×3 supercell as shown in Figure 1(b).

N2 Activation

For eNRR, N2 adsorption on the defect site of the functional
layer is the 1st step in the activation of the N�N bond. In this
regard, we considered two adsorption configurations: “side-on”
and “end-on” [Figures 1(c) and 1(d)]. For the side-on config-
uration, both N atoms from the N2 molecule simultaneously
interact with the surface atoms, while for the end-on config-
uration, one N atom from the N2 molecule interacts with the
surface atoms near the defect site. We find that during structure
relaxation, the side-on configuration is transitioned into the
end-on configuration and, therefore, all adsorption energies are
reported for end-on configuration in this work. We find that N2
molecule adsorption energy is negative on all considered
defected MXene surfaces, suggesting spontaneous adsorption.
The N� N bond length is increased up to 1.163 Å on defected
MXenes from 1.113 Å in gas-phase dinitrogen molecules except
for W2NF2, for which the N� N bond length remains unaltered.
The negative adsorption energy along with the elongation of
the N� N bond length suggests chemo-adsorption of the N2
molecule on defected MXene surfaces.

eNRR Mechanism

The eNRR can take place through dissociative or associative
mechanisms.[48] The first step in the dissociative mechanism is
the dissociation of N2, which is followed by the reaction of a
proton-electron pair with adsorbed N atoms to produce 2NH3
(Figure 2). However, under ambient conditions, electrochemical
dissociation of N2 is less favorable owing to the strong energy
barrier (~10 eV).[49,50] In the associative mechanism, the N2
molecule is activated first on the catalyst surface and then
undergoes subsequent hydrogenation steps. Three possible
reaction pathways are possible for associate mechanisms,
namely, distal, alternating, and enzymatic pathways (Figure 2).
For the associative enzymatic pathway, the N2 should be
adsorbed in side-on configuration, while for the alternating and
distal pathways, the N2 adsorption should be end-on. As
discussed in the previous section, since all considered surfaces
exhibit the end-on configuration for N2 adsorption, we have
considered only associative distal and alternating mechanisms
for eNRR.
For distal and alternating pathways, *N2, *N-NH, *NH2,

NH3(g) (* represent the surface), and desorption of NH3 are
intermediate reaction steps. For the distal pathway, the farthest
N atom from the surface first reacts with proton-electron pairs
to produce the NH3 molecule. Subsequently, other N atom
passes through the same process to further produce NH3. For
the alternative route, both N atoms react alternatively with
proton-electron pairs and produce 2NH3 in the last two steps of
the reaction.
The free energy diagrams for the distal mechanism on

considered MXenes are presented in Figure 3 for Mo and W-
based MXenes. After N2 activation, the second step is the

Figure 2. Schematic presentation of dissociative and three associative (distal, alternative, and enzymatic) reaction pathways for eNRR.
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formation of *N-NH intermediate via the interaction of *N2 with
one proton and electron. This elementary step is downhill for all
the considered MXenes except for Mo2CN2. Furthermore, for
each hydrogenation step, the bond length between nitrogen
atoms gradually increases and such elongation in bond length
further helps to release the NH3 molecule and the remaining N
atom stays on the surface. For the majority of the considered
defected MXenes (Mo2CF2, Mo2NO2, W2CN2 W2NF2, W2NO2), the
potential limiting step is the formation of *NH2 from *NH, which
is the same as that reported for bare Mo2C and W2C.

[11] Amongst
remaining MXenes, the formation of *N, *NH, *N-NH2, and *N
intermediates steps are identified as endergonic steps (in
Mo2CO2, Mo2NF2, W2CF2, and W2CO2, respectively).
For the alternating mechanism (Figure 4), the formation of

*NHNH from *NNH is the potential determining step for
considered MXenes except for Mo2CF2 and Mo2CN2. The
formation of *NH2NH2 from *NHNH2 is the potential limiting
step for Mo2CF2. For Mo2CN2, while the formation of *N-NH and
*NH2NH2 are both uphill in energy, the latter requires more
energy.
In the above analysis, we have considered only distal and

associative mechanisms, however, in real-time experiments, the
reaction could proceed through a more complex pathway
involving steps from both distal and alternating mechanisms
(referred to as mixed mechanism). We explored mixed pathways
for all considered MXenes and report only energetically more
favorable (compared to distal/associated pathways) mixed path-
ways in Figure 5. From the computed energetics, Mo2CF2,

Figure 3. Free energy profile of distal eNRR pathways for considered MXenes with no applied potential. Circles between two reaction steps depict the
potential determining step.

Figure 4. Free energy profile of the alternative eNRR pathways for consid-
ered MXenes with no potential applied. Circles between consecutive
intermediate states depict the potential determining step.
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Mo2CN2, Mo2CO2, and W2CO2 favor a mixture of alternative and
distal routes. For these systems, the formation of *N-NH2 from
*N-NH occurs via the distal mechanism. Subsequently, the
alternative mechanism takes over and hydrogen reacts with
alternate nitrogen atoms (closest to the surface) to produce
intermediate *NH-NH2, and eventually 2NH3. For the mixed
pathways, however, we find that the computed limiting
potentials are similar to that of the alternative mechanism; thus,
suggesting that either alternative or mixed pathway could
occur for eNRR.
The limiting potentials obtained using distal and alternative

paths for considered defected MXenes are summarized in
Figure 6. Based on our analysis, we find that eNRR is more likely
to proceed through the distal pathway in Mo2CF2, Mo2CN2, and
W2CF2. For W2CN2 and W2NF2, the obtained limiting potentials
are similar for distal and alternative pathways and the reaction
could proceed through either pathway. For remaining surfaces,

the alternative pathway is more preferred of the two pathways.
It is interesting to note that the obtained limiting potentials for
all systems are less than � 1.0 V via either distal or alternative
pathways, except for W2CF2, thus, suggesting them as potential
candidates for eNRR catalyst. Moreover, our obtained limiting
potentials for eNRR for these systems are lower than those
reported for noble metals[51] and other MXenes.[11,32]

Selectivity towards eNRR and HER

HER is a major competing reaction for eNRR and it directly
hinders the efficiency of ammonia production in protic solvents.
We study the competitive reaction between eNRR and HER by
computing the free energy of N2 and H adsorption on
considered MXenes surfaces. Our calculations suggest that
Mo2CN2, Mo2NO2, W2CN2, and W2NO2 exhibit lower free energy
(more favorable) for *N2 compared to *H. For Mo2CF2 and
W2NF2, the difference between the free energies of *N2 and *H
is less than ~0.2 eV (see Figure 7). Wu et al. reported that
electrode potential can influence the charge transfer between
Ru from Ru-N4 catalysts and N2.

[52] The electron donation from
Ru at the reduced potential can promote the activation and
adsorption of N2.

[52] Therefore, the small adsorption free energy
difference between *N2 and *H on Mo2CF2 and W2NF2 surfaces
can be tuned via applied potential and can result in suppression
of HER in a proton limitation environment.
Moreover, the selectivity of eNRR is further determined from

the lower limiting potential (i. e. limiting potential close to
zero).[32,53] Lv et al. reported that Mo2C(OH)2 is more favorable
for eNRR owing to its lower limiting potential for eNRR than
HER, even though OH functionalized MXenes exhibit the “H-
poisoning effect”.[32] The HER limiting potential has been
computed from DG*H=e, where DG*H is the adsorption-free
energy of H on the surface. Regardless of the reaction pathways
(i. e. considering the low limiting potential pathways), Mo2NO2
and W2CF2 are selective for HER owing to their more negative

Figure 5. Free energy profile of the mixed eNRR pathways for Mo2CF2, Mo2CN2, MO2CO2, and W2CO2 with no potential applied.

Figure 6. Comparison of limiting potential (UL) between distal and alter-
native pathways.
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limiting potential for HER compared to eNRR potentials, while
the rest of the considered MXenes are more favorable for eNRR.

Desorption of NH3

NH3 desorption is the last step in eNRR and is independent of
the reaction pathways. Mo2CN2, W2CN2, and W2NO2 exhibit low
values of limiting potential compared to other reported
MXenes[11,32] and novel metal surfaces. However, these catalysts
exhibit strong poisoning of NH3 owing to the high desorption
energy of NH3 (Figure 7). Among considered MXenes, only
W2NF2 has low desorption energy (� 0.73 eV) for NH3, along
with the low limiting potential and possible selectivity towards
the eNRR considering the least negative limiting potential for
eNRR.[11,34] Tezak et al established that the desorption energy of
NH3 is sensitive to applied bias and decreases with reduced
potential while considering the grand canonical density func-
tional theory approach.[54]

The computed desorption energy for NH3 on W2NF2 is lower
than that reported for bare MXenes, while it is slightly higher
than OH-functionalized MXenes.[32] Johnson et al[11] suggested
that F functionalization improves the eNRR activity compared to
O functionalization on MXenes, which is in agreement with our
results. Our computed desorption energy and the limiting
potential for W2NF2 are lower than that reported for pristine
and nitrogen-vacancy W2N3 configurations.

[39] As such, our
computations suggest that W2NF2 is a better eNRR catalyst than
W2N3 and can result in a superior eNRR performance compared
to ~11% FE and � 0.97 V overpotential as reported for W2N3 by
Jin et al. [Please cite and ref. [39] here]

Conclusions

We investigated eNRR on MXenes consisting of vacancy defects
in the functional layer by utilizing the density functional theory
and computational hydrogen electrode methods. Our study
indicates that there is a widespread in the eNRR performance of
MXenes with vacancy defects in the functional layer.
The computed limiting potential with single vacancy defects

indicates the suitability of considered MXenes for effective
eNRR: three considered MXenes (Mo2CN2, W2CN2, and W2NO2)
exhibit low limiting potential and high selectivity (compared to
HER) towards eNRR, however, the poisoning of NH3 on these
MXenes would potentially limit their performance as eNRR
electrocatalysts. Considering the balance between selectivity for
eNRR, limiting potential, and desorption of NH3, we identified
W2NF2 as the best candidate among the considered defected
MXenes [Mo2CN2, W2CN2, and W2NO2]. Moreover, our computa-
tions suggest that considered performance parameters are
superior for W2NF2 with F-vacancy defects compared to those
reported for W2N3 with N-vacancy defects. As such, we propose
W2NF2 with F-vacancy defects as a superior eNRR catalyst
(compared to all other reported MXene-based catalysts) and
urge the experimentalists to further study W2NF2 for eNRR.
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Figure 7. The adsorption free energy of N2 and H for eNRR and HER competition on considered MXenes (lower panel) and NH3 desorption energy profile for
considered MXenes (upper panel).
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