
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:0

6:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Designing N, P-d
aDepartment of Analysis & Evaluation, Egyp

Cairo 11727, Egypt
bEnergy Materials Laboratory, Physics Depa

The American University in Cairo, New Ca

aucegypt.edu

† Electronic supplementary informa
https://doi.org/10.1039/d4na00298a

‡ Equal contribution.

Cite this: Nanoscale Adv., 2024, 6,
4160

Received 8th April 2024
Accepted 11th June 2024

DOI: 10.1039/d4na00298a

rsc.li/nanoscale-advances

4160 | Nanoscale Adv., 2024, 6, 4160
oped graphene surface-supported
Mo single-atom catalysts for efficient conversion of
nitrogen into ammonia: a computational guideline†

Ghada E. Khedr, ‡a Samar M. Fawzy,‡b Icell M. Sharafeldinb and Nageh K. Allam *b

Tuning the surroundings of single-atom catalysts (SACs) has been recognized as a successful approach to

enhance their electrocatalytic efficiency. In this study, we utilized density functional theory (DFT)

computations to systematically investigate how the coordination environment influences the catalytic

performance of individual molybdenum atoms for the nitrogen reduction reaction (NRR) to NH3. Upon

comparing an extensive array of coordination combinations, Mo-based SACs were found to feature

a distinctive N, P-dual coordination. Specifically, MoN3P1G demonstrates superior performance in the

conversion of nitrogen into ammonia with an exceptionally low limiting potential (−0.64 V). This

MoN3P1G catalyst preferably follows the distal pathway, with the initial hydrogenation step (*N2 /

*NNH) being the rate-determining step. Additionally, MoN3P1G exhibits the ability to suppress competing

H2 production, showcases high thermodynamic stability, and holds significant promise for experimental

preparation. These findings not only contribute to diversifying the SAC family through localized

coordination control but also present cost-effective strategies for enhancing sustainable NH3 production.
Introduction

Hydrogen and ammonia gases are currently being adopted as
alternatives to the currently depleting fossil fuels.1,2 The fore-
runner includes hydrogen and the formation of a hydrogen
economy. While hydrogen is noted for having the highest
energy per unit mass among all fuels, its energy density per unit
volume is limited due to its low density at ambient temperature.
The hydrogen economy faces challenges associated with
hydrogen transportation, storage, and safety.3 Hydrogen's low
volumetric energy density necessitates the use of high-pressure
gas cylinders or cryogenic tanks for transportation, which can
be costly and require specialized infrastructure. Additionally, its
ammability and propensity for leakage demand special safety
measures4,5 In contrast, ammonia offers a higher volumetric
energy density and a wider ammability range but still requires
careful handling. Overcoming these challenges would require
signicant investment in infrastructure and safety measures.
Due to hydrogen's many challenges, ammonia may become
a vital component for the world's future economic sectors,
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comprising energy, agriculture, transportation, and pharma-
ceuticals. As an alternative fuel source, ammonia offers several
advantages to the current gasoline-driven energy sector and the
foreshadowed hydrogen economy.6,7 Like hydrogen, ammonia
is an articial substance that can be derived from biomass,
fossil fuels, or alternative renewable sources. Notably, ammonia
offers merits over hydrogen, including a higher volumetric
energy density comparable to gasoline.8 Additionally, it boasts
simpler production, treatment, and delivery, leveraging the
existing framework as there is already an established infra-
structure for producing and transporting ammonia, which
could make it easier to scale up its use as a fuel, and better
commercial viability.9 Ammonia can also be synthesized from
sustainable energy like solar power and wind, positioning it as
a potentially sustainable fuel.10,11

The nitrogen reduction reaction (NRR) is a key focus in
research due to its potential for sustainable ammonia synthesis.
However, the current method requires high pressure (15–20
MPa) and temperature (400–500 °C), along with an iron catalyst,
which can degrade over time, reducing reaction efficiency.12,13 In
this regard, researchers are working to develop more stable and
efficient catalysts to overcome this challenge.14,15 Various SACs
were reported for their catalytic activity, which motivated us to
focus on them in our study. Graphene was selected as a support
for SACs.

Graphene has garnered signicant interest because of its
unique electronic, mechanical, and thermal properties.16,17

Doping graphene with heteroatoms such as nitrogen, boron,
and sulfur can further enhance its properties and make it
© 2024 The Author(s). Published by the Royal Society of Chemistry
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suitable for various applications, including catalysis.18–20 N-
graphene has appeared as a favorable candidate for NRR
catalysis.21 Moreover, the doping level and type of heteroatom
can be controlled to optimize the catalytic performance.22,23 It
was proved that the local coordination atoms greatly affected
the NRR catalytic activity.24–27 Till now, there has been little work
on tuning the coordination environment of SACs.28 It was
demonstrated that the asymmetrically dual-coordinated MN2B2

active site could enhance the reduction potential (UL) of the
NRR, particularly for metals with high spin states such as
CrN2B2 (4 mB), VN2B2 (3 mB), and MoN2B2 (2 mB).29 This
phenomenon disrupted the scaling relations between the
crucial nitrogen-containing intermediates, resulting in lower UL

values (−0.33 V <−0.53 V <−0.57 V). Also, it was proved that the
MoB3O active site, characterized by its distinctive coordination
combination, showcased superior performance in the NRR,
with UL of −0.34 V.30 It was discovered that the MoN1C2 active
site facilitated the NRR via an enzymatic mechanism, demon-
strating an exceptionally low overpotential of 0.24 V.31 The NRR
was computationally investigated on (M2@B2-C2N), which
revealed that the NRR could proceed with high efficiency for M2

= Mo2 and W2, with UL = −0.25 V and UL = −0.27 V,
respectively.23

In this work, a singular molybdenum (Mo) center was chosen
as a representative example to investigate the impact of local
coordination, involving various types and quantities of dopants,
on its catalytic activity in the nitrogen reduction reaction
(NRR).29,30,32,33 The four carbon atoms attached to the Mo center
were replaced by N and P with different ratios to investigate the
sensitivity of the NRR catalytic performance of Mo-G to the
coordination environment. The performance of NmPn-Mo-
graphene surfaces was investigated for the adsorption of N2

for the NRR process. Furthermore, the potential mechanisms of
the NRR on the Mo-graphene surface were investigated and
discussed, including the adsorption and activation of nitrogen
molecules, the reduction of nitrogen to ammonia, and the
competing reactions that can lead to side products. The cata-
lytic performance of Mo-graphene was compared to that of
other tuned Mo-graphene catalysts with various coordination
environments, containing nitrogen and phosphorus atoms. The
advantages and limitations of using Mo-graphene for the NRR,
such as the scalability, selectivity,34 and stability of the catalyst
for N2 reduction for ammonia synthesis, were also studied.
Finally, the prospects and challenges of using the Mo-graphene
catalyst for the industrial-scale NRR are elaborated and future
research directions are suggested.

Theoretical details

Density functional theory (DFT) simulations (spin-polarized)
were accomplished via the projector augmented wave (PAW)35

recommended pseudopotentials as executed in the Vienna Ab
initio Simulation Package (VASP) code36 on a supercell of size
14.92 Å × 12.27 Å to investigate the properties of the doped
graphene surfaces and adsorbed species. The generalized
gradient approximation Perdew–Burke–Ernzerhof functional
(GGA-PBE)37 was used, with the cut-off energy (Ecut) set to 400 eV
© 2024 The Author(s). Published by the Royal Society of Chemistry
to indicate the electronic exchange–correlation energies. Clus-
ters of N2, P8, and Mo2 were optimized in cubic cells with the
length of 15, 20, and 25 Å respectively. Nitrogen and/or
phosphorus-doped molybdenum-graphene models (NmPn-
MoG), where (m = 0–4, n = 0–4), are considered as supports. To
avoid the interaction of two periodic structures, a vacuum slab
of 25 Å was added in the Z direction and a 3 × 3 × 1 gamma-
centered k-point grid was sampled for the Brillouin zone. The
convergence criteria were set as follows: energy change of 5 ×

10−6 eV with a maximum force of 0.02 eV Å−1. Herein, eight
catalysts were studied with doping NmPn (m = 0–4, n = 0–4)
(P4MoG, N4MoG, N3PMoG, N2P2MoGa, N2P2MoGb, N2P2MoGg,
NP3MoG and MoG) supported on molybdenum-doped gra-
phene (MoG) sheets as models of calculation. The modulation
provides ideal anchor sites for the Nm and Pn doping resulting in
stable congurations. The total number of atoms was set to 4.

NRR reaction intermediates were computed via the compu-
tational hydrogen electrode (CHE) method for the Gibbs free
energy (DG) calculations,38,39 The chemical potential of the
hydrogen atom was evaluated from the ground state energy of
an H2 molecule under standard conditions. At an arbitrary
potential U vs. the standard hydrogen electrode (SHE), DG of
each elementary step, including the proton–electron pair (H+ +
e−), was shied by −e$U. Harmonic approximation was
employed to measure the DG of adsorbed species taking into
account the entropy corrections and zero-point vibrational
energy (ZPVE) at 298.15.40 Solvent effect is not considered as in
the case of NRR intermediates; its effect in the stabilization of
water is estimated to be in the range of 0.1 eV.41 To investigate
the thermal stability of the studied catalysts, ab initiomolecular
dynamics (AIMD) simulation was carried out in a canonical
ensemble (NVT) with a time step of 2.0 fs. The simulations were
run for a total of 10 ps, using the Nosé–Hoover chain thermostat
to maintain a constant temperature.
Results and discussion

Nitrogen can be adsorbed on the surface of the catalyst in two
different stable congurations; end-on (E) and side-on (S). Both
were elucidated here for the different studied systems. The
suffixes (E) and (S) are used to express the way of adsorption of
nitrogen end-on and side-on, respectively. The bond length of
N–N in a free nitrogen molecule was calculated to be 1.12 Å,
while aer adsorption it was elongated in all sixteen systems.
The magnitude of elongation is higher in the side-on congu-
ration than in the end-on counterpart, indicating better acti-
vation of N2 in the side-on sites. The average N–N bond length
in end-on systems is about 1.14 Å while for side-on systems it is
about 1.20 Å. For MoN3P1G(S), MoN2P2Gg(S) and MoN2P2Gb(S),
it increased to 1.27 Å, 1.25 Å and 1.24 Å, respectively, which
makes these three catalysts have higher activity for protonation.
In this work, sixteen systems were investigated for their NRR
catalytic activity. Most of them are stable towards N2 formation
either by end-on or side-on conguration except MoP4G(S) and
MoN1P3G(S) as they required energy barriers of 0.77 and 1.8 eV,
respectively.
Nanoscale Adv., 2024, 6, 4160–4166 | 4161
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Fig. 1 The Bader charge analysis for (a) MoN3P1G(S), (b) MoN2P2Gb(S), and (c) MoN2P2Gg(S); blue, light blue, purple and grey color for N, Mo, P
and C atoms, respectively.

Fig. 2 Distal and alternating routes for the NRR on MoN1P3G,
MoN2P2Gb, MoN3P1G and MoN2P2Ga catalysts with N2 end-on (E) and
side-on (S) adsorption.
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The Bader charge analysis42 was performed, which indicated
a charge transfer from molybdenum to the adsorbed nitrogen
atoms. For the end-on adsorbed N2, the charge accumulated on
the nitrogen atom attached to Mo, which is denoted as N2, while
for side-on adsorbed N2, the charge is distributed on both
nitrogen atoms N1 and N2. The N2 molecule adsorbed on the
studied catalysts gained electrons, which made them have an
affinity towards protonation especially MoN3P1G(S), MoN2P2-
Gg(S) and MoN2P2Gb(S). They gained −0.84 jej, −0.75 jej and
−0.71 jej, as shown in Fig. 1a–c respectively. It was noted that
the Mo center acts as an electron transporter to both the gra-
phene support and N2-adsorbed intermediates. It transfers
charge to both of them and carries a positive charge of 2.9 jej,
1.4 jej and 1.3 jej for MoN3P1G(S), MoN2P2Gg(S) and MoN2P2-
Gb(S), respectively. The elongation of the N2 length and
enhancing Bader charge suggest these two systems as superior
catalysts for N2 conversion to ammonia.

The NRR catalytic performance was surveyed for Mo-based
graphene with different ratios of N and P atoms. All the
possible mechanisms were considered. For each catalyst, the
distal and the alternating routes were investigated. To ascertain
the catalytic activity of the studied catalysts, Gibbs free energy
(DG) was calculated for every step. From DG calculations, the
rate determining step (RDS) was evaluated for each mechanism.
At the beginning, adsorption of N2(S) and N2(E) probably
occurred spontaneously on all the studied catalysts except
MoP4G(S) and MoN1P3G(S). All intermediates included in both
pathways were calculated on MoG, MoP4G, and MoN4G, as
shown in Fig. 2 and on MoN1P3G, MoN2P2Gb and MoN3P1G
catalysts, as shown in Fig. 3. Note that the rate-determining step
seems to be the initial protonation NNH step for MoG(S),
MoG(E), MoP4G(E), MoN4G(S), MoN1P3G(E) MoN3P1G(S), and
MoN3P1G(E), while the rate determining step for MoN4G(E),
MoN2P2Gb(E), and MoN2P2Gb(S) is the formation of NH3. Also,
it was noted that the distal pathway is thermodynamically and
kinetically more favorable than the alternating one for all the
studied catalysts except MoN2P2Gb(E).

We summarized the DG of the rate determining step (RDS) of
the distal pathway on all the studied catalysts for the two
conformations end-on and side-on adsorption, as displayed in
Fig. 4. It was noted that on MoG, MoN1P3G, MoN1P3G, and
MoN1P3G catalysts, DG for the RDS in the side-on route was less
than that on the end-on pathway (0.76, 0.77, 0.75 and 0.64 eV)
versus (1.06, 1.3, 2.18 and 0.94 eV), respectively. However on
4162 | Nanoscale Adv., 2024, 6, 4160–4166
MoP4G and MoN4G catalysts, DG for the RDS in the end-on
route was less than that in the side-one (0.94 and 1.08 eV)
versus (1.8 and 1.53 eV), respectively. Note that the MoN3P1G(S)
catalyst has the lowest potential energy (−0.64 V versus SHE)
among all studied conformations, making it a good candidate
for the NRR. The optimized geometries of all intermediates on
MoN3P1G(S) through the two pathways, distal and alternating,
are shown in Fig. 5.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Distal and alternating routes for the NRR on MoG, MoP4G,
MoN4G and MoN2P2Gg catalysts with N2 end-on (E) and side-on
adsorption.

Fig. 4 The change in Gibbs free energy for the RDS for the two
configurations; end-on (E) and side-on (S) adsorption on the studied
catalysts.

Fig. 5 Relaxed structures of all the intermediates for the NRR through
the two reaction routes on the MoN3P1G(S) catalyst.

Fig. 6 (a) Free energy changes ðDG*
HÞ of H adsorption on the six

studied catalysts. (b) The change in Gibbs free energy of the rate
limiting step for the hydrogen evolution reaction (DGHER) and the NRR
(DGNRR). The stars under the dashed line indicate that the NRR is more
convenient than the HER.
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It has been observed that N2 tends to undergo “side-on”
adsorption on the Mo atom, attached to three nitrogen atoms
and one phosphorus atom bound to graphene. Following the
protonation of one nitrogen atom, the formation of the NNH
intermediate occurs, and NNH2 or NHNH is generated through
another proton transfer, either distally or in an alternating
pathway. Ultimately, two ammonia molecules are generated
and liberated following six protonation stages. It is evident that
the MoN1P3G(S) keeps a consistent conguration throughout
the nitrogen reduction reaction (NRR) process, owing to its
robust binding energy. Therefore, it is evident that the presence
of nitrogen and phosphorus atoms and the interaction between
them and the molybdenum-supported graphene play a critical
role in NRR activity. The N–N bond undergoes noticeable
elongation through stepwise hydrogenation until it ultimately
dissociates. Additionally, it is observed that the distal pathway
leading to the formation of NNH2 induces more pronounced
N–N stretching compared to the alternative pathway, generating
the second hydrogenation intermediate NHNH. The N–N bond
dissociates at the NH2NH2 intermediate, forming NH3.

It is well-established that the hydrogen evolution reaction
(HER) is inherently associated with the NRR process, which is
© 2024 The Author(s). Published by the Royal Society of Chemistry
a crucial side reaction that competes with the intended
NRR.43–45 Consequently, suppressing the HER is imperative to
enhance the selectivity of the NRR. The HER mechanisms on
the various studied catalysts are depicted in Fig. 6a. With the
Nanoscale Adv., 2024, 6, 4160–4166 | 4163
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exception of MoP4G and MoG, hydrogen adsorption was found
to be exothermic. In addition, the nitrogen adsorption energies
are equal to or greater than the hydrogen adsorption energies
on various Mo-supported graphene catalysts. In Fig. 6b,
a comparison of the free energy changes for the Volmer step in
the NRR and HER is presented. The better selectivity for the
NRR over the HER can be revealed from the lower limiting
potential (UL) of the NRR than the HER counterpart. Conse-
quently, both MoN3P1G(S) and MoN2P2Gb(S) exhibit the capa-
bility to suppress the HER, achieving superior catalytic
performance with better selectivity.

To get a better understanding of the superior catalytic NRR
performance on MoN3P1G(S) and MoN2P2Gb(S) catalysts, the
projected density of states (PDOS) was investigated.46 The
interactions among N2/NNH adsorbents and MoN3P1G(S) and
MoN2P2Gb(S) were analyzed as displayed in Fig. 7a and b,
Fig. 7 The projected density of states (PDOS) Mo-d and of N2p orbitals f
Magenta refers to the bonding portion, while the red colour is for the an

4164 | Nanoscale Adv., 2024, 6, 4160–4166
respectively. Strong hybridizations were observed among N 2p
and Mo 3d orbitals. The presence of three nitrogen atoms with
one phosphorus atom in theMo-graphene support shied the N
2p to a low energy region, resulting in higher nitrogen activity.

To unveil the stability of the studied catalysts, ab initio
molecular dynamics (AIMD) simulations were carried out. The
thermal stability at 500 K for 10 ps was investigated. Fig. S1†
illustrates the variations in temperature and energy over time
during the simulations. Some oscillations in total energy and
temperature were observed. However, aer simulation, the
skeleton and plenitude of the studied catalysts remained intact
with the molybdenum atom staying xed in the corresponding
substrates, avoiding forming large particles during the simu-
lations. The electrochemical stability of the studied catalysts
was then assessed using the dissolution potential (Udiss)47 with
the results presented in Table S1.† Note that a material is
or N2 and NNH intermediates on (a) MoN3P1G(S) and (b) MoN2P2bG(S).
tibonding portion, and the purple dashed line is for the Fermi level.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deemed electrochemically stable if its Udiss is more than 0 eV. As
outlined in Table S1,† the studied catalysts meet this criterion
and are therefore electrochemically stable. The aforementioned
results indicate that our catalysts exhibit favorable thermal and
electrochemical stability, enabling their use as potential
catalysts.

Conclusions

DFT calculations were utilized to survey the NRR catalytic
performance of Mo-supported graphene with different ratios of
Nm and Pn, where n, m = 0–4. The distal and alternating path-
ways were investigated for both side-on (S) and end-on (E) N2

adsorption conformations. The calculations revealed that the
sixteen studied systems had good NRR catalytic performance,
especially MoN3P1G(S), which showed excellent catalytic activity
with a small limiting potential of 0.64 eV vs. SHE. The superior
NRR catalytic performance was interpreted based on N–N bond
length elongation, which acquired nitrogen higher activity
towards protonation and on the Bader charge analysis. The
analysis revealed that the Mo center is an electron transporter
for both moieties; the graphene substrate and the N2-adsorbed
intermediates. The adsorbed N2 gains electrons from Mo-SACs,
which increase its affinity for further protonation ending by
NH3 production. In addition, theMoN3P1G(S) andMoN2P2Gb(S)
systems suppressed the HER, which is a high competitor to the
NRR. This study unveils how tuning the local environment of
the metal center of SACs enhances the NRR catalytic activity.
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