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Efficient catalysts for the electroreduction of N, to NHz are of paramount importance for sustainable
ammonia production. Recently, it was reported that NbSe, nanosheets exhibit an excellent catalytic
activity for nitrogen reduction under ambient conditions. However, existing theoretical calculations
suggested an overpotential over 3.0 V, which is too high to interpret the experimental observations. To
reveal the underlying mechanism of the high catalytic activity, in this work, we assessed NbSe, edges

with different chirality and Se vacancies by using first principles calculations. Our results show that N,
Received 4th June 2022

Accepted 1st August 2022 can be efficiently reduced to NHz on a pristine zigzag edge via the enzymatic pathway with an

overpotential of 0.45 V. Electronic structure analysis demonstrates that the N, molecule is activated by

DOI: 10.1039/d2ra03464f the back-donation mechanism. The efficient tuning of the local chemical environments by edge chirality
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Introduction

Ammonia (NH;3) is one of the most essential chemical
compounds, used widely as fertilizers, explosives, plastics, and
clean hydrogen energy carriers."* At present, the Haber-Bosch
process is the main industrial technology to produce NHj,
which requires iron-based catalysts and harsh conditions at
high temperatures (400-600 °C) and high pressures (20-40
MPa).?> The hydrogen (H,) used in NHj; production usually
comes from reforming natural gas, consuming approximately
1% of the global energy and releasing 1-2% of total CO, emis-
sions.* Stimulated by the growing interest in exploring
sustainable NH; synthesis, electrochemical and photochemical
approaches have emerged as promising alternatives to the
Haber-Bosch process.>™

The past few years have witnessed remarkable progresses in
the electrocatalytic and photocatalytic nitrogen reduction
reaction (NRR) at mild conditions.*>**** The bottleneck of elec-
trocatalytic and photocatalytic NRR is the lack of effective
catalysts with high catalytic activity, high efficiency, high
selectivity, and high stability.? In this regard, intensive studies
have focused on designing effective NRR catalysts, including
transition metal-based catalysts’®**® and metal-free
catalysts.>7°

Due to the versatile physical and chemical properties of
transition metal dichalcogenides, this family of materials
attracted tremendous interest in the catalysis community.'®>*>?
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provides a promising approach for catalyst design.

For instance, Nb-based compounds have been considered as
efficient NRR catalysts, where the partially occupied d-orbitals
of Nb** cations provide empty states for strong N, adsorption
and activate the N, triple bond with the back donation mech-
anism.* Skulason et al. predicted that the limiting potential of
the (110) facet of NbO, (—0.57 V) would be much lower than that
of the Ru(0001) step surfaces (—1.08 V),>*** where the latter has
been widely adopted as a reference system for NRR. It has also
been validated that NbO, nanoparticles possess excellent elec-
trochemical stability with an outstanding ammonia production
rate of 11.6 pg h™' mg ' at —0.65 V versus the reversible
hydrogen electrode (RHE).***” NbSe, also exhibits its potential
for nitrogen fixation catalysis.”®** Wang et al. found that self-
supported NbSe, nanosheet arrays possess excellent NRR
performance with a yield rate of 89.5 uygh™ " mg™ " at —0.45 V vs.
RHE and a faradaic efficiency of 13.9%. However, the over-
potential of NRR on the observed NbSe,(104) surface was pre-
dicted higher than 3.0 V by density functional theory (DFT)
calculations,® which is a quite large value and is not sufficient
to interpret the experimental observations. This contradiction
implies that the real active site might not be appropriately
modeled in the calculations. Recently, Li et al. proposed that
defect-rich MoS, nanostructures boosted NH; production rates
more than two times compared to the pristine system, as well as
lowering the energy barrier to 0.87 eV.**> The crystalline surface
exposed to the reaction and the defects were crucial for the high
performance. Both of the exposure of specific facets and the
introduction of defects have been predicted to be effective to
tune the catalytic activities via edge engineering of nano-
sheets.>*** In this context, the observed high NRR catalytic
performance of the NbSe, nanosheets in ref. 31 would be
rationalized by considering the probability that the active sites
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lie on crystalline surfaces other than the assessed (104) plane, or
that the local chemical environments of the active sites been
tuned by imperfect crystalline periodicity. The coordination
number of the Nb ions varies significantly when they locate at
surfaces or edges with different chirality and defects. Previous
atomic-resolution annular dark-field scanning transmission
electron microscope (ADF-STEM) imaging has revealed that the
major defects in the monolayer NbSe, are Se, vacancy, Se
vacancy, and anti-site defect where a Nb atom be substituted by
two Se atoms.** And the most frequently observed defect in
monolayer NbSe, is the Se vacancy.** Furthermore, the exposed
edges experience serious reconstruction,**° together with the
probably existence of Se vacancies introduced during fabrica-
tion,*** there is a large set of freedoms to tune the electronic
structures of the active center for efficient catalysis.

In this paper, we assessed the effects of edge engineering of
NbSe, monolayers on NRR catalytic performance based on first-
principles calculations. As expected, both the zigzag and the
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armchair edges are capable of binding N, strongly. Se vacancies
would further significantly enhance the N, affinity these edges.
Our results indicate that the zigzag edge of the NbSe, monolayer
exhibits the overpotential as low as 0.45 V along the enzymatic
pathway, which is even smaller than that on the well-
established Re(111) surface (0.50 V),** and explains the high
NRR catalytic performance of the NbSe, nanosheets. Our work
explicitly indicates that edge engineering is a promising
method to improve catalytic activities of nanomaterials.

Computational methods

All spin-polarized DFT calculations were performed by using the
Vienna ab initio Simulation Package (VASP) with the projector-
augmented wave (PAW) method and the Perdew-Burke-Ern-
zerhof (PBE) exchange-correlation functional.***® The disper-
sion interaction was described by the DFT-D3 scheme.*” The
pseudo-wavefunctions were expanded by plane waves with

Fig. 1 Schematic view of the structure of the edges. (a) Pristine zigzag edge; (b) zigzag edge with a Se vacancy; (c) pristine armchair edge; (d)
armchair edge with a Se vacancy. Mustard and teal balls represent Se and Nb atoms, respectively.
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kinetic energies up to 450 eV. All atoms were allowed to relax
until the energy and force variation below 1 x 107> eV and
0.05 eV A™', respectively. The zigzag and armchair edges of
NbSe, were modeled with nanoribbon strips (Fig. 1). Vacuum
layers of at least 10 A were used to avoid unphysical interactions
between neighboring images. The first Brillouin zone was
sampled with a T" centered 3 x 1 X 1 k-grid mesh in structure
relaxation, and with a 5 x 1 x 1 mesh for electronic structure
calculations. The projected crystal orbital Hamilton population
(pCOHP) was calculated to reveal the nature of chemical
bonding in LOBSTER package.***

NRR is a multistep process involves N, adsorption, six
hydrogenation steps, and NH; desorption. Each hydrogenation
step is usually considered to take a coupled proton and electron
transfer (CPET) mechanism, where a proton comes from the
solution and an electron from the electrode. The free energy
change in a hydrogenation step was calculated using the
computational hydrogen electrode (CHE) model.*® The Gibbs
free energy change of an elementary step was given by AG = AE
+ AEzpg — TAS, where AE, AE,pg, and TAS are the reaction
energy of each elementary step, zero-point energy difference,
and the entropy difference between the products and reactants,
respectively. T'is the absolute temperature set as 298.15 K in this
work. Only the adsorbates and their nearest substrate atoms
were allowed to move in the frequency calculations. Entropies of
gas molecules, such as H,, N, and NH; were taken from the
standard values obtained from the NIST database.”® The
formation energies of Se vacancies were evaluated as Ef = E(Vs.)
+ u(Se) — E(edge), where E(Vse), u(Se), and E(edge) are the
energies of NbSe, nanoribbon with a Se vacancy, the chemical
potential of a Se atom in the bulk phase, and the energy of
perfect NbSe, nanoribbon.

Results and discussion
Structures of NbSe, edges

A NbSe, monolayer can be cut in two typical directions, i.e. the
zigzag and the armchair directions, to form ribbons with typical
edges. Previous studies have illustrated that the formation
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energies of both types of nanoribbons increases monotonically
respect to the widths increase from ~2 A, and converged to
—4.85 eV per atom at around 19 A.% This result implies that in
a ribbon, atoms more than ~10 A from the edge would possess
a similar chemical environment as in a 2D monolayer. Here we
used nanoribbons with five zigzag chains (~13 A width) and
seven armchair chains (~10 A width) to model chemical envi-
ronments for the zigzag and armchair edges, respectively.

The fully optimized structures of the edges are shown in
Fig. 1. The formation energies of a Se vacancy on the zigzag
(armchair) edge is 1.17 (0.40) eV, much lower than that on the
NbSe, monolayer (1.94 eV). The Nb-Se bonds have lengths of
2.62 A in the extended monolayer, while as shown in Fig. 1a,
these bonds are significantly shortened to 2.57 A at the zigzag
edge. The existence of a Se vacancy on the zigzag edge leads to
severe reconstruction (Fig. 1b): the atoms near the Se vacancy
move towards the vacancy, result to new Nb-Nb bonds and
significant structural disorder. The Nb-Se bonds are shortened
to 2.45 A in the pristine armchair edge (Fig. 1c), while only
exhibits slight reconstruction when a Se vacancy exists (Fig. 1d).
The different structure relaxation behaviors of edges provide
rich possibilities to tune the electronic structures of the edge Nb
atoms, which would lead to distinct catalytic activities.

NRR pathways on NbSe, edges

According to the sequence of the hydrogenation steps, the six-
electron NRR processes can be categorized into 4 pathways, i.e.
the distal, the alternating, the mixed, and the enzymatic path-
ways, as depicted in Scheme 1.' The enzymatic pathway starts
from the side-on adsorption configuration (insets in Fig. 2a and
b), while the end-on adsorption configuration (insets in Fig. 2c
and d) initializes the other pathways. The free energy diagrams of
the most favorable pathway on different edges are shown in
Fig. 2. During the nitrogen fixation catalytic cycle, the free N,
molecule firstly adsorbs on the Nb active sites with end-on or
side-on pattern, then the *N, (where * denotes the adsorption
site) processes the six-electrons hydrogenation steps in the
promising NRR mechanism in Scheme 1 to release two NH;
molecules in to aqueous solution. It is worth noting that the
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Scheme 1 The mechanism of proton-coupled electron transfer for nitrogen reduction via a distal pathway (yellow), alternating (green), mixed

(dashed orange), and enzymatic (red) pathways.
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Fig. 2 Gibbs free energy diagrams of the most favorable pathway on (a) pristine zigzag edge, (b) zigzag edge with a Se vacancy, (c) pristine
armchair edge, and (d) armchair edge with a Se vacancy under zero (black) and applied (red) electrode potentials. Green circles denote the
potential-limiting steps. The reference potential is set to 0 V vs. the CHE. Orange, teal, blue and pink balls represent Se, Nb, N and H atoms,

respectively.

desorption of the second *NH; does not relate to the electrons
supplied from an external circuit and dose not change with the
applied potential.*® To recovery the catalyst, the rapid desorption
of the produced NH; is crucial for nitrogen fixation, and the AG
of the *NH; desorption should be as low as possible.** Once NH;
dissolved in the electrolyte, the NH; can be further hydrogenated
into NH,", which requires much more detailed modeling of the
solvated NH," in the liquid.? In addition, the solvation of NH;
releases energy to stabilize the desorbed NH;, promoting the
desorption produced NH;.** Then the Nb sites recapture the N,
molecule to conduct the next NRR catalytic cycle.

On pristine zigzag edges, the N, molecule prefers the side-on
configuration on the edge Nb atom with an adsorption free
energy of —0.71 eV, lower than that of the end-on pattern (—0.39
eV). Calculations suggest that the enzymatic pathway is favorable
on this edge, of which the free energy diagram is shown in
Fig. 2a. The first hydrogenation step (*N, + H' + e~ = *NNH) and
the first NH; formation step (*NH,NH, + H' + e~ = *NH, + NH;)
are exothermic, while the rest elementary steps are endothermic.
The fourth hydrogenation step, i.e. *NHNH, to *NH,NH, is the
potential-determining step requires an energy input of 0.61 eV.
The existence of a Se vacancy on the zigzag edge lowers the N,
adsorption free energies to —0.55 eV and —1.22 €V, respectively,
for the end-on and the side-on configurations.

The NRR on the defective zigzag edge also prefers the enzy-
matic mechanism, with the free energy diagram shown in
Fig. 2b. It is intriguing that all the hydrogenation intermediates
on the zigzag edge with a Se vacancy are lower than those on the
pristine zigzag edge. The first NH; formation step (*NH,NH, +
H' + e = *NH, + NHj;) is the rate-limiting step with a free energy
lifting of 0.86 eV.

22134 | RSC Adv, 2022, 12, 22131-22138

Dinitrogen adsorption on both the pristine and the defective
armchair edges prefer the end-on configuration, with adsorp-
tion Gibbs free energies of —0.24 and —0.17 eV, respectively.
However, it is difficult to reduce the dinitrogen molecules on
the armchair edges, due to the large free energy increase of the
first hydrogenation steps. As shown in Fig. 2c, the first hydro-
genation step on the pristine armchair edge requires an energy
gain of 1.08 eV, indicating that NRR on this edge is not favor-
able. The introduction of a Se vacancy on the armchair edge
lowers the energy requirement to 0.93 eV for the first hydroge-
nation step (Fig. 2d). But this value is still insufficient to
interpret the observed high performance.** The high limiting
potential is the consequence of the insufficient activation of the
dinitrogen molecules, of which only one of the nitrogen atoms
is bonded to an edge Nb atom.

Both the differences in the free energy variations along the
NRR pathways on NbSe, edges with different chirality (zigzag vs.
armchair), and the differences introduced by a Se vacancy,
indicating that the NRR catalytic activity of the NbSe, can be
effectively tuned by edge engineering. This tunability stems
from the rich possibilities in exposing an edge with specific
chirality. The edge atoms at the resulted edges then possess
various local chemical environments due to edge reconstruction
or introduction of defects (Se vacancies in this case). The
change in the local environment of the active site then tunes its
electronic structure, which directly governs the catalytic activity.

The overpotential (n) is a good indicator of the electro-
chemical catalytic reactivity: a lower overpotential implies
a more efficient NRR." Based on the CHE model, the n value is
evaluated as 7 = Ueq — Ujim, Where Uyq is the equilibrium
potential of NRR with the value of —0.16 V." Uy, is the applied

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 The difference charge density of N, adsorbed on (a) pristine zigzag edge, (b) zigzag edge with a Se vacancy, (c) pristine armchair edge, and
(d) armchair edge with a Se vacancy. The isosurface value is set to be 0.005 e A~>. Positive (accumulation) and negative (depletion) variations in
the charge density are depicted as yellow and cyan surfaces, respectively.

potential to eliminate the energy barrier of the potential-
determining step, determined by Ujimiting = —AGmax/€, where
AGnax is the free energy change of the potential-limiting step.
The overpotentials of the most favorable NRR pathways of the
pristine zigzag edge, the defective zigzag edge, the pristine
armchair edge, and the defective armchair edge are 0.46 V,
0.70 V, 0.92 V, and 0.77 V, respectively. Therefore, NRR prefers
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to proceed on the pristine zigzag edge via the enzymatic
mechanism with an overpotential of 0.46 V, which is even lower
than the Re(111) surface (0.50 V).** All these values are much
lower than the previous predicted ~3.0 V of the NbSe, (104)
surface,* it would be more reasonable to ascribe the observed
high catalytic performance of the NbSe, nanosheets to the
edges rather than the (104) surface.

PDOS

-2 -1
Energy (eV)

S fimimrmm i
-

(d)

PDOS

~ WV

-2 -1 0 1
Energy (eV)

Fig. 4 Projected electronic density of states of N, adsorbed on (a) zigzag edge and (b) zigzag edge with one Se vacancy via side-on pattern, (c)
armchair edge and (d) armchair edge of NbSe; via end-on pattern, respectively.
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Adsorption facilitated N, activation

The intrinsic stability of the dinitrogen molecule provided by
the N=N triple bond is usually the main obstacle of NRR. Upon
N, adsorption on the catalyst, the interactions between the N
atom(s) and the active site(s) is expected to activate the N=N
triple bond for ease hydrogenation.*® The stability of the N=N
triple bond can be understood by using the simple homonu-
clear diatomic molecular orbital theory,*” where all the six 2p
electrons occupy the three bonding states (one o, and two )
and left the antibonding states empty, resulting a bond order of
3. The N, molecule can be activated by reducing the bond order,
either by accommodating electrons in the antibonding states,
or depleting electrons from the bonding states, or both. For
example, an effective strategy is the back-donation mechanism:
the active site possesses partially occupied states that are
capable of accept and donate electrons simultaneously. Upon
N, adsorption, the bonding electrons transfers to the unoccu-
pied states of the active site; in the meantime, the N, anti-
bonding states accept electrons from the occupied states of the
active site.

In the cases studied here, the electronic structure of the
active site, i.e. the edge Nb atoms, varies significantly according
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Q
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to the change in their chemical environments.” The coordina-
tion number of the Nb atoms on the edges is less than that of
the internal ones, left dangling bonds that would facilitate
adsorbate trapping.** The energy gain of N, adsorbed on the
zigzag-edged Nb atoms are —0.89 and —1.19 eV, respectively,
with the end-on and side-on configurations, indicating that the
side-on configuration dominates the zigzag edge adsorption. As
shown in Fig. 3a, the N, molecule lies perpendicularly between
two edge Nb atoms, with each N atoms bonded to both nearby
Nb atoms. This strong bonding elongated the N-N bond length
to 1.21 A (from 1.11 A in gas phase). A Se vacancy at the zigzag
edge further stabilizes N, side-on adsorption with an adsorp-
tion energy of —1.76 eV and a bond length of 1.20 A. Although
the adsorption energy on the defective edge is significantly
higher than that on the pristine edge, the N-N bond length,
another good indicator for activation, have similar values. That
means the N, molecule adsorbed on these two zigzag edges are
at the similar degree of activation. The difference in adsorption
energy can be ascribed to the saturation of the dangling bonds
of the edge Nb atoms reside in different chemical environ-
ments. On the other hand, in the outmost chain of the armchair
edges, the Nb and Se atoms are arranged alternatively, making it
is difficult to accommodate the adsorbed N, molecule in the
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=
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Fig. 5 Projected crystal orbital Hamilton population (o COHP) between two N atoms adsorbed on (a) pristine zigzag edge, (b) zigzag edge with
a Se vacancy, (c) pristine armchair edge, and (d) armchair edge with a Se vacancy. Local density of states (LDOS) in the corresponding energy

range are shown in the inserts with an isosurface value of 0.005 e A3,
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side-on configuration to bonding to two nearby Nb atoms. In
this case, N, adsorbs on armchair edges prefer the end-on
configuration, where only one N atom is bonded to an edge
Nb atom, and leaving the other pointing outward. In conse-
quence, the N, molecule would only be weakly activated.

Fig. 3a depicts the charge density differences of the N,
adsorption on the pristine zigzag edge. Significant charge
transfer can be observed between the edge Nb atom and the N,
molecule, according with the back donation mechanism.”
Specifically, electron depletion and accumulation occurs,
respectively, inside and outside the internuclear region of the
N, molecule, corresponding to the spatial distribution of the
bonding and the antibonding states. On the other hand, both
electron accumulation and depletion occur around the two Nb
atoms bonded to the N, molecule. The case is similar for N,
adsorbed on the defective zigzag edge, as shown in Fig. 3b. As
the consequence of the strong activation effect of the zigzag
edges, the first hydrogenation step on the zigzag edges are
thermodynamically favorable.

The N, adsorption on the armchair edges are different. Due
to the distinct edge structures than at the zigzag edges, the N,
molecule can not simultaneously bond to two edge Nb atoms.
As shown in Fig. 3c and d, the N, molecule adopt an end-on
configuration. The charge transfer is much less than that at
the zigzag edges. In consequence, the adsorbed N, molecule
would not be sufficiently activated, and the first hydrogenation
steps are thermodynamically unfavorable. As shown in Fig. 3c
and d, the free energy increases significantly upon the first
hydrogenation steps making them the potential limiting steps.

The above analysis can be validated by calculating the net
charges of the atoms of interest. Bader charge analysis shows
that, the net charge on the adsorbed N, molecule is —0.86
(—0.83) e on the pristine (defective) zigzag edge, indicating
a considerable amount of electrons were transferred to N, and
the occupation of the antibonding states by these electrons
weakens the N=N bond effectively. The strong N-Nb bonding
and significant charge transfer are in consistent with the pro-
jected density of states (PDOS) plots shown in Fig. 4a, b, S1a and
b:t the Nb d states and the N p states overlaps considerably near
the Fermi level, which is necessary for strong bonding. On the
other hand, the net charge on the N, molecule adsorbed on the
pristine (defective) armchair edge is —0.11 (—0.17) e”. This
much weaker charge transfer can be ascribed to the fact that
only one N-Nb bond exists in the end-on configuration at
armchair edges. The weak overlap between the N p states and
Nb d states near the Fermi level (Fig. 4c, d, S1c and d+) is also an
indication of much weaker N-Nb interactions.

The N, activation by the back-donation mechanism can also
be illustrated by projected crystal orbital Hamilton population
(pCOHP) analysis. As shown in Fig. 5, the positive (green) and
the negative (red) shadings denote anti-bonding and bonding
populations, respectively. In all cases of N, adsorption, the anti-
bonding character dominates the N-N interactions near the
Fermi level, indicating significant occupation of the anti-
bonding T, states. This anti-bonding population was sche-
matically illustrated by the local density of states (LDOS) plots
shown as the insets for each adsorption.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In summary, we performed systematical first principles analysis
on the NRR catalytic activity of the typical edges of NbSe,
monolayer. We found that NRR on the pristine zigzag edge
possesses quite low overpotential of 0.46 V through the enzy-
matic pathway. A Se vacancy on the zigzag edge would lift the
overpotential to 0.70 V. Both values are significantly lower than
the previously predicted ~3.0 V, and thus be capable of inter-
preting the observed high performance of the NbSe, nano-
sheets. Electronic structure analysis showed that the adsorbed
N, molecule were effectively activated by the strong Nb-N
interactions via the back-donation mechanism, facilitating the
first hydrogenation step. On the other hand, the armchair edges
do not active the adsorbed N, molecule sufficiently, resulting
higher overpotentials at the first hydrogenation step. Our
results illustrate that specific local chemical environments
constructed by the chiral edges of TMD layers provide an
effective approach to tune the catalytic activity.
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