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creening of single-atom alloys
TM@Ru(0001) for enhanced electrochemical
nitrogen reduction reaction†

Gurpreet Kour, Xin Mao and Aijun Du *

Searching for highly efficient, active, and stable electrocatalysts for the nitrogen reduction reaction is vital to

supersede the energy-intensive Haber–Bosch process. The electrocatalytic nitrogen reduction reaction

(NRR) is one of the most promising strategies to synthesize value-added ammonia (NH3) under mild

conditions with low energy utilization and less greenhouse gas emission. However, the lack of effective

electrocatalysts remains the major hurdle for its practical applications. Ruthenium is generally considered

a promising electrocatalyst for the electrochemical NRR. However, it exhibits a high overpotential

corresponding to the potential determining step in the reduction pathway. Herein, using density

functional theory, we systematically investigated the potential of a series of transition metal-doped Ru-

based TM@Ru(0001) (TM ¼ Sc–Zn, Y–Cd) single-atom alloys to evaluate their NRR activity. Among all

the studied catalysts, it was found that the V doped Ru(0001) SAA exhibited a reduced kinetic barrier of

about 1.14 eV as compared to that of the pure Ru(0001) corresponding to the potential determining step

(PDS). In addition, it showed a significantly low negative limiting potential of �0.15 V for the PDS along

with thermodynamical stability and high selectivity over the competing hydrogen evolution reaction

(HER). The Climbing-Image Nudged Elastic Band (CI-NEB) method was employed to calculate the barrier

height between various hydrogenation steps of the reduction reaction followed by the calculation of

turnover frequency (TOF) for V@Ru(0001) using a microkinetic modelling approach. The TOF for

V@Ru(0001) was found to be 4.24 � 10�3 per s per site at 100 bar and 700 K, which is far better than

that of the pure Ru(0001) surface. This report provides a new design strategy to improve the catalytic

performance of Ru(0001) for effective NRR.
1. Introduction

Conversion of atmospheric nitrogen (N2) to ammonia (NH3),
also known as nitrogen xation, is one of the most signicant
processes of industries. NH3 is not only a green energy carrier
but also constitutes an important chemical in manufacturing
dyes, explosives, medicaments, fertilizers, etc.1 Industrial
production of NH3 primarily relies on the well-known Haber–
Bosch process that requires very high temperature (300–500 �C)
and high pressure (150–200 atm).2 However, this process
accounts for 2% of the world's annual total energy consumption
and liberates enormous amounts of greenhouse gases into the
atmosphere. Thus, it is crucial to develop an alternative
approach for sustainable and economical ammonia synthesis
under mild conditions of temperature and pressure.
of Chemistry and Physics, Queensland

Campus, QLD 4001, Brisbane. E-mail:

tion (ESI) available. See DOI:

6204–6215
Electrocatalytic nitrogen xation using electrocatalysts has
attracted the most intense investigative attention from the
research world, benetting from the ambient operating condi-
tions and the utilization of electricity produced from renewable
energy like wind energy, solar energy, etc.3–5 Moreover, elec-
trochemical catalysis can be easily controlled by adjusting the
reaction's temperature and potential to get the desired product.
However, electrochemical methods are largely hampered by the
high overpotential and low selectivity due to sluggish kinetics
and the competitive HER.6 To circumvent these issues, it is
highly recommended to develop active and stable electro-
catalysts to enhance NRR activity while suppressing the
accompanying HER. In the recent past, extensive research has
been undertaken to explore the catalytic activities of potential
NRR electrocatalysts including noble metals,7–9 transition-metal
based materials10–15 and non-metallic materials.16–18 Transition
metal-based nitrides, as well as sulphides, were also predicted
to be promising for nitrogen xation.19–22 Moreover, efforts are
also being undertaken to further optimize their NRR activity by
introducing dopants/vacancies,14,23–30 and modifying the cata-
lyst's morphology/size.31–35
This journal is © The Royal Society of Chemistry 2022

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta08246a&domain=pdf&date_stamp=2022-03-10
http://orcid.org/0000-0002-3369-3283
https://doi.org/10.1039/d1ta08246a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010011


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
3 

 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
4.

12
.2

02
5 

01
:2

1:
54

. 
View Article Online
Single-atom alloys (SAAs) have recently gained momentum
towards the design of extremely selective and active catalysts for
the production of desired products.36–40 Substantial work has
been done in the area of SAAs particularly on selective hydroge-
nation41–43 and H2 activation.44 Recently, it was found that an
alloy of Pd supported by Cu(111) displayed an excellent activity
towards the dissociation of H2.45 Tierney et al. later found that
such alloys also promoted the spillover of H atoms across the
surface of the catalyst.46 Further, Long et al. reported a CuPd SAA
as a highly selective photocatalyst for converting CO2 to CH4. The
paired Cu–Pd atoms with tuneable d-band centres enhanced the
activity and selectivity of the catalyst. Although SAAs have been
shown to catalyze C–O coupling, NO reduction, CO oxidation,
hydrogenations, and dehydrogenations,39 not much has been
done in the eld of electrocatalytic reduction of nitrogen.47

Inspired by this strategy, we proposed SAAs based on Ru(0001) to
boost their catalytic activity towards nitrogen xation.

Ruthenium (Ru)-based catalysts have been extensively
studied, both computationally and experimentally, for the NRR
and have been found to exhibit good performance.9,48–58

Skúlason et al. in 2011 studied the free energy prole of at
Ru(0001) for the nitrogen reduction reaction.59 They reported
a free energy change of 1.08 eV for the potential determining
step (PDS). However, in another study by Tayyebi et al., the free
energy change for the PDS was found to be 0.80 eV, suggesting
poor activity of at Ru(0001) for efficient NRR.53 In our work, we
systematically investigated the feasibility of SAAs based on
TM@Ru(0001) for efficient NRR by examining their stability,
activity and selectivity. We performed a number of systematic
DFT calculations to investigate the structural stability, adsorp-
tion of N2, minimum energy pathway, free energy change for the
PDS, and kinetic barrier for the hydrogenation steps. Out of 20
candidates, we identied Ti@Ru(0001) and V@Ru(0001) as
potential candidates based on a series of results obtained from
the adsorption energy of the N2 molecule and the free energy
change corresponding to the PDS. Among these, V@Ru(0001)
presents enhanced electrocatalytic properties with a very low
negative limiting potential of about �0.15 V vs. SHE along with
an activation barrier of 1.14 eV. Indeed, many researchers have
found that vanadium as a dopant could increase the activity of
the substrate for effective NRR.60–63 Furthermore, microkinetic
modelling was used to calculate the turnover frequency for the
V@Ru(0001) catalyst which was found to be 4.24 � 10�3 per s
per site for 25% N2 partial pressure at 100 bar pressure and 700
K temperature, which is excellent as compared to that of the
pure Ru(0001). In addition to this, the selectivity and stability of
these selected electrocatalysts were studied along with the
competitive HER. These results may provide essential guidance
for the development of SAA electrocatalysts for ammonia
synthesis under mild conditions of temperature and pressure
based on ruthenium.

2. Computational details

In this work, a close-packed hcp(0001) surface was used to
represent the at surface of a Ru atom. The Ru(0001) substrate
wasmodelled by a four-layer slab in which the bottom two layers
This journal is © The Royal Society of Chemistry 2022
were xed, and the top two layers were allowed to relax along
with the adsorbed moiety to enhance the calculation speed. A
vacuum space of 15 Å was employed to decouple the interac-
tions between two adjacent supercells.

All the structure optimizations and the electronic properties
calculations were undertaken using the Vienna Ab initio Simu-
lation Package (VASP)64–67 code based on the spin-polarized
density functional theory (DFT) approach. The electron corre-
lation functional was considered through the generalized
gradient approximation (GGA)68 in the form of Perdew–Burke–
Ernzerhof (PBE). The projector augmented wave (PAW)
method69 was applied to generate the pseudopotentials. The
kinetic cut-off energy was set to be 500 eV, while all the self-
consistent optimizations were done with thresholds of 1 �
10�5 and 0.001 eV Å�1 for energy and force convergence,
respectively. In all the calculations, van der Waals interactions
were addressed using the DFT+D3 method.70 An implicit
solvation model with water as implemented in VASPsol was
used to consider the solvent effect in the reaction.71 The charge
populations were studied using the Bader charge analysis
method.72 The structural stability of the catalyst was evaluated
using ab initio molecular dynamics (AIMD) simulations.73 The
time step was set to be 1.0 fs, and simulations were conducted at
300 K.

The NRR process was calculated based on the computational
hydrogen electrode (CHE) model. The reference potential was
set to be that of the standard hydrogen electrode (SHE). The
Gibbs free energy change was calculated using the following
equation

DG ¼ DEDFT + DEZPE � TDS

where DEDFT is the total energy difference from DFT calcula-
tions, DEZPE is the change of zero-point energy, T is the
temperature (298.15 K), and DS is the change in entropy of
products and reactants. The limiting potential for evaluating
the NRR activity was calculated using the equation

UL ¼ �DGmax/e

where DGmax is the free energy change corresponding to the
PDS. The more negative the value of the limiting potential, the
lower the activity of the catalyst.

The climbing-image nudged elastic band (CI-NEB) method74

was used to calculate the energy barrier for the transition state.
Eight images were added in between the initial and nal posi-
tions for CI-NEB calculations. The intermediate images were
optimized until the forces converged to 0.03 eV Å�1. In micro-
kinetic modelling, a quasi-equilibrium approximation was
used to study the NRR on V@Ru(0001). The TOF was calculated
as the reaction rate for the potential determining step, while all
other hydrogenation steps were considered as a fast equilib-
rium process. All the details for the calculation of TOF are given
in the ESI.† Furthermore, to analyze the chemical bonding
between the TM and the adsorbate, we used projected crystal
orbital Hamilton population75,76 (pCOHP) analysis as imple-
mented in the LOBSTER code.77
J. Mater. Chem. A, 2022, 10, 6204–6215 | 6205
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3. Results and discussion

The optimized geometry of TM@Ru(0001) SAAs (for example,
V@Ru(0001)) is as shown in Fig. 1. One of the atoms from the
top layer of bulk Ru(0001) was replaced with a TM (Sc–Zn, Y–
Cd), which is expected to enhance the catalytic performance of
the pure Ru(0001) due to charge redistribution. A number of
different doping sites on the top layer of Ru(0001) were studied,
and all the sites were found to be equally favourable and were of
the same energy. All the studied TM@Ru(0001) complexes have
similar geometry to the one shown in Fig. 1.
3.1 Screening of TMs supported on Ru(0001) as NRR
catalysts

The NRR is a very complicated process that can take place
through various mechanisms like distal, alternating, enzymatic
and consecutive mechanisms, as shown in Fig. 2. Calculating all
the intermediates in different mechanisms would cost lots of
computational resources; thus, it is very important to frame
a strategy to identify promising candidates. In the case of the
NRR, the rst step involves the N2 adsorption on the catalyst
surface. It has been found that in most of the cases, the
protonation of the N2 molecule to form *N2H or the last step in
which the *NH2 intermediate upon hydrogenation forms *NH3

constitutes the PDS.59,78–81 The weak interaction of N2 with the
catalyst results in high energy consumption due to the cleavage
of the inert N^N bond. On the other hand, in the case of the
strong binding of N2 to the substrate, the last hydrogenation
step becomes difficult. Thus, an efficient NRR catalyst should
satisfy certain criteria such as (1) DGN2 should be lower than
0 eV to ensure effective adsorption of N2 on the surface of the
catalyst, (2) DG for the rst hydrogenation step, DG (N2–NNH),
usually corresponding to a rate-determining step should be
smaller than 0.50 eV, which is close to the calculated barrier for
one of the best electrocatalysts4,78 and (3) high selectivity of the
NRR over the HER.

Based on criterion 1, we screened a number of TM@Ru(0001)
(TM ¼ Sc–Zn, Y–Cd) by computing DG of N2 adsorption
(Fig. 3(a)). It is clear that Ti, V, Cr, Nb and Tc (green area of
Fig. 1 Optimized structure for V@Ru(0001). Both the front view and top v
(Ru) and vanadium (V) atoms, respectively.

6206 | J. Mater. Chem. A, 2022, 10, 6204–6215
Fig. 3(a)) based SAAs exhibited a suitable Gibbs free change for
N2 adsorption, while some of the SAAs have a positive free
energy change, indicating weak adsorption, and the rest of
them have a very high negative free energy change.
Rh@Ru(0001) is also considered for further analysis as the free
energy change for N2 adsorption is quite close to 0 eV. Following
criterion 2 (Fig. 3(b)), the catalytic pathway for Ti@Ru(0001) for
side-on adsorption and V@Ru(0001) for both side-on and end-
on adsorption is considered for further investigations. The
HER is an unwanted competitive reaction with respect to the
NRR, and oen lowers the catalytic performance of the elec-
trocatalyst. To analyze the reaction selectivity, the adsorption
energies of H+ and N2 (values are given in Table S1†) are
calculated for each of the catalysts via V@Ru(0001) and
Ti@Ru(0001) and are found to be highly negative (<1 eV). Strong
adsorption would lead to the difficult desorption of H2 from the
catalyst surface, making the competitive HER highly sup-
pressed. It was found that the H* species is preferably adsorbed
on the neighbouring Ru atom, leaving the active site vacant for
the adsorption of intermediates during the reduction process.
The NRR intermediates can be hydrogenated by the adsorbed
H* species. In addition, the kinetic barrier for hydrogen
formation on V@Ru(0001) and Ti@Ru(0001) was calculated
using the CI-NEB method and was found to be 1.70 eV and
1.09 eV, respectively. The calculated kinetic barrier for H2

formation is higher than the barrier obtained for ammonia
formation (1.14 eV), indicating that the HER is suppressed from
the kinetic aspect. Thus, based on criterion 3, V@Ru(0001) and
Ti@Ru(0001) exhibit high selectivity towards the NRR.
3.2 N2 adsorption on TM@Ru(0001)

Effective adsorption of N2 on the surface of the catalyst is of
paramount importance for an efficient nitrogen reduction
process. It is well known that TMs with empty d-orbitals can
strongly interact with the adsorbed N2 molecule through the
formation of a N–metal bond.5,82 The exceptional performance
of TM based catalysts can be attributed to the coexistence of
their vacant and lled d-orbitals. The empty d-orbital of the TM
can accept electron density from the lled s-favourable orbital
iew have been provided. The green and red spheres denote ruthenium

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Systematic illustration of the different mechanisms encountered during the NRR.

Fig. 3 Screening results of the TM@Ru(0001) system for the NRR process using the (a) free energy change of *N2 adsorption and (b) the first
hydrogenation step of N2 reduction DGNNH. The green shaded portion in (a) corresponds to the acceptable values for the effective adsorption of
N2 on the catalyst's surface.
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of the N2 molecule, while the lled orbital of the TM can donate
the electron density to the empty p* antibonding orbital of the
N2 molecule (Fig. 4a). The “acceptance–back donation” of
electrons between the TM and N2 molecule plays a signicant
role in the activation of the N2 molecule.

The adsorption of N2 on the substrate takes place via two
common congurations, side-on and end-on, as shown in
Fig. 4c and d. In the case of the end-on conguration, only one
nitrogen atom binds to the active site, while in the case of the
side-on geometry, both the nitrogen atoms of the N2 molecule
form bonds with the active centre. For Ti@Ru(0001), N2

adsorption prefers the side-on conguration while for the V
based complex, the end-on conguration is preferred.

In the case of V@Ru(0001), the N2 bond undergoes elongation
from 1.098 Å (isolated state) to 1.17 Å and 1.13 Å for the side-on
and end-on congurations, respectively. The Ti@Ru(0001)
This journal is © The Royal Society of Chemistry 2022
catalyst also displayed similar values for the N^N elongation.
Furthermore, based on the Bader charge difference analysis
(Fig. 4b), it was found that 0.56e/0.42e and 0.54e/0.43e charges
were transferred from the V and Ti based catalysts to the
adsorbed N2 molecule for side-on/end-on congurations,
respectively. All of the above analysis shows that the N^N bond
becomes activated upon adsorption on the surface of the catalyst.

Furthermore, the adsorbed N2 molecule on the catalyst was
further analyzed by using the projected density of states (pDOS)
and projected crystal orbital Hamilton population (pCOHP).
The pDOS for N2 adsorption on both pure ruthenium and
V@Ru(0001) is depicted in Fig. 5(a) and (b). It is clear that in the
case of V@Ru(0001), the p* orbitals of the adsorbed nitrogen
are partially lled, while the antibonding orbitals lie far above
the Fermi level in the case of Ru(0001), revealing the active
adsorption of N2 on V@Ru(0001). Further, Fig. 5(c) shows the
J. Mater. Chem. A, 2022, 10, 6204–6215 | 6207
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Fig. 4 (a) Schematic demonstration of N2 bonding to a transition metal (TM). (b) The charge density difference of N2 adsorbed on V@Ru(0001)
and Ti@Ru(0001) in side-on and end-on configurations with the isosurface value set to 0.001 e Å�1; the yellow and cyan depict positive and
negative charges, respectively. (c and d) The side-on and end-on binding of N2 on V@Ru(0001) and Ti@Ru(0001), respectively.
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pCOHP analysis in which the bonding contributions are shown
on the right and the antibonding interactions are on the le
side of the diagram. As predicted by the above gure, the
occupied antibonding orbitals of N2 lie near the Fermi level as
the bonding states, indicating the adsorption of a N2 molecule
on the surface, with the unoccupied p* orbitals above the Fermi
level. The integrated COHP (ICOHP) values were calculated by
calculating the energy integral up to the highest occupied level.
A higher negative value of ICOHP corresponds to an effective
binding of N2 on the catalyst. In the case of V@Ru(0001), the
ICOHP for end-on adsorption of N2 is �10.91 eV, pointing
towards the strong adsorption of N2, which agrees well with the
N2 adsorption data for the end-on conguration. Thus, COHP
analysis also supports the active adsorption of N2 on the
considered materials. The energy difference between 4d (Ru)/2p
(N) and 3d (V)/2p (N) in the case of Ru(0001) and V@Ru(0001),
respectively, may be responsible for better N2 adsorption on the
surface of SAAs, thus showing an increment in their activity for
the NRR over pure Ru.
3.3 Stability of TM@Ru(0001)

The stability of TM@Ru(0001) SAAs was investigated using rst-
principles calculation. It is essential to have strong binding
between the TM and the substrate in order to prevent its
agglomeration. Thus, we calculated the binding energy Eb
between the transition metal and Ru(0001) to analyze its
structural stability using the equation Eb ¼ ETM@Ru(0001) � ETM
� ERu(0001), where ETM@Ru(0001), ETM and ERu(0001) are the ener-
gies of the TM@Ru(0001), TM and Ru(0001), respectively. It was
found that the binding energies of a single V and Ti on Ru(0001)
6208 | J. Mater. Chem. A, 2022, 10, 6204–6215
were �8.19 eV and �9.31 eV, respectively. Further, the ther-
modynamical stability of V@Ru(0001) and Ti@Ru(0001) was
examined by performing AIMD simulations at 300 K (Fig. S2†).
The structures of the catalyst were well maintained, with no
notable geometrical buckling even at high temperatures. The
negative binding energy and strong thermal stability indicate
that Ru(0001) can provide a good anchoring site for the tran-
sition metal.
3.4 Electrocatalytic conversion of N2 to NH3 with
TM@Ru(0001) (TM ¼ V, Ti) catalysts

3.4.1 NRR using V@Ru(0001). In this section, we discuss
the catalytic performance of V@Ru(0001) for the conversion of
N2 to NH3 by considering all the possible routes. Due to the
similar binding strengths of N2 through side-on and end-on
congurations, both the reduction pathways were taken into
consideration. As shown in Fig. 2, there are four possible reac-
tion pathways: enzymatic and consecutive for the side-on
conguration, and distal and alternating for the end-on
conguration in which six elemental proton-coupled electron
transfer steps are involved. In the case of enzymatic and alter-
nating reduction pathways, H+/e� pairs attack the two N atoms
alternatively, while in consecutive and distal mechanisms, H+/
e� pairs rst attack one of the N atoms, converting it to NH3,
and then attack the other nitrogen atom to form the second NH3

molecule.
Fig. 6 and 7 show the free-energy diagrams for the reduction

of N2 to NH3 through consecutive and enzymatic reaction
pathways along with the structures of various reactive inter-
mediates encountered along the reaction pathway, respectively.
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Partial density of states (PDOS) for (a) nitrogen adsorbed on pure Ru(0001), (b) V@Ru(0001) (c) projected crystal orbital Hamilton pop-
ulation (pCOHP) for N2 adsorption on V@Ru(0001) and Ti@Ru(0001) in side-on and end-on configurations.
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The cartesian coordinates for all the formed intermediates
during the reduction process are given in Table S2.† Both these
pathways involve six elemental steps of proton-coupled electron
transfer to the adsorbed N2, with the liberation of two NH3

molecules. The adsorbed N2 in the side-on conguration reacts
with one pair of H+/e� to form *N–*NH with an uphill free
energy of only 0.15 eV. In the second step, the reactive inter-
mediate, *N–*NH, aer reaction with one H+/e� pair can either
form *N–*NH2 through a consecutive mechanism with a free
energy change of �0.49 eV or can form *NH–*NH following an
enzymatic pathway with DG of �0.15 eV. In the case of the
consecutive reaction pathway, the H+/e� pair attacks *N–*NH2

and forms a *N intermediate along with the release of an NH3

molecule with a free energy change of �1.47 eV. The formed
reactive intermediate aer further hydrogenation steps ulti-
mately releases another ammonia molecule accompanied by
the liberation of the catalyst. However, in the case of the enzy-
matic mechanism, *NH–*NH upon reaction with a proton–
electron pair forms *NH–*NH2 with DG of �0.40 eV, which on
This journal is © The Royal Society of Chemistry 2022
further reaction produces *NH2–NH2 with a free energy change
of 0.30 eV. This step corresponds to the potential determining
step for the enzymatic pathway. The proton–electron pair
attacks *NH2–NH2 (DG¼�1.51 eV) and produces one ammonia
molecule along with an *NH2 reactive species which on further
reaction produces another ammonia molecule.

In the case of the consecutive pathway, only the rst and the
fourth hydrogenation steps were found to be uphill in energy.
During the whole reduction process through the consecutive
pathway, the potential limiting step is the hydrogenation of *N2

to *N–*NH with an ultralow limiting potential of only �0.15 V,
which is quite low as compared to those of various TM based
catalyst for the NRR reported so far.52,83–85 Similar to the
consecutive pathway, the enzymatic pathway also encountered
two positive free energy changes during the hydrogenation
steps. However, in the latter case, the limiting potential was
found to be �0.30 V corresponding to the conversion of *NH–

NH2 to an *NH2–NH2 intermediate. The rapid desorption of the
formed NH3 from the surface of the catalyst is important for the
J. Mater. Chem. A, 2022, 10, 6204–6215 | 6209
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Fig. 6 Free-energy diagram for N2 reduction via a consecutive mechanism at different applied potentials along with the corresponding
structures of the intermediates involved in the reduction process. Green, red, blue and white balls represent Ru, V, N and H atoms, respectively.

Fig. 7 Free-energy diagram for N2 reduction via an enzymaticmechanism at different applied potentials alongwith the corresponding structures
of the intermediates involved in the reduction process.

6210 | J. Mater. Chem. A, 2022, 10, 6204–6215 This journal is © The Royal Society of Chemistry 2022
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regeneration of the active sites which is in turn good for the
catalyst's long durability. The desorption of the produced
ammonia is a fast process with a free energy change value of
only 0.89 eV, indicating its excellent performance as a catalyst.

In addition to consecutive and enzymatic mechanisms,
alternating and distal pathways were also explored for the NRR
process. The free energy diagram for each of these pathways
with the optimized structures of the reaction intermediates is
shown in Fig. S3 and S4,† respectively. In case of the alternating
pathway, the H+/e� pair attacks the two nitrogens alternatively
to generate two molecules of NH3. However, in the case of the
distal mechanism, a H+/e� pair rst attacks the remote nitrogen
to convert it into NH3 and then the remaining N atom reacts
with another H+/e� pair to generate another molecule of NH3.
From Fig. S3,† it is clear that the DG of N2 adsorption in the end-
onmode is negative (DG¼�0.28 eV), indicating the spontaneity
of the reaction. However, the protonation of *N2 is non-
spontaneous with DG of 0.50 eV, and this step corresponds to
the potential-limiting step for the distal mechanism. In the case
of the alternating mechanism, the hydrogenation of *N–NH
into *NH–NH is the rate-limiting step with DG of 0.89 eV, which
is quite high compared to all other pathways.

In addition to the associative pathway, the dissociative
pathway was also investigated. The kinetic barrier for the scis-
sion of the N2 bond was calculated using the CI-NEB method
and was found to be 1.90 eV which is very high to be achievable
under moderate conditions of temperature and pressure.

Thus, for the V@Ru(0001) catalyst, out of the four studied
pathways, consecutive and enzymatic mechanisms are the
preferred ones showing excellent catalytic activity with record
low negative values of limiting potential of �0.15 V and�0.30 V
vs. SHE, respectively, for the conversion of N2 to NH3. Alter-
nating and distal mechanisms, however, correspond to high
negative values of limiting potential.

Lastly, in the case of the V@Ru(0001) catalyst, we calculated
the solvation effects on the free energy values for the various
hydrogenated steps in the case of the consecutive pathway. An
implicit solvent model using water as a solvent was employed,
and the calculated free energy diagram for V@Ru(0001) is
shown in Fig. S5.† From the gure, it is clear that there is not
much effect on the values of the free energy even with the
solvent effects. The rate-determining step corresponding to the
conversion of *N2 to *NNH is 0.14 eV, which is very close to the
value obtained for calculations without the solvent effects.
Therefore, no solvation treatment was undertaken for the rest of
the calculations.

3.4.2 NRR using the Ti@Ru(0001) catalyst. Ti@Ru(0001)
was also studied in detail to elucidate its catalytic behaviour for
converting N2 to NH3. The free energy change for N2 adsorption
on Ti@Ru(0001) is �0.17 eV (side-on) and �0.08 eV (end-on),
indicating that N2 in the end-on conguration is less effec-
tively adsorbed as compared to the side-on conguration.
Moreover, based on Fig. 3b, both alternating and distal path-
ways for the Ti-based complex would have a high free energy
change corresponding to the rst hydrogenation step. Thus, we
considered only enzymatic and consecutive pathways for N2

reduction using Ti@Ru(0001) to analyze its catalytic
This journal is © The Royal Society of Chemistry 2022
performance. Fig. S6† presents the free energy diagram for the
reduction of N2 via side-on adsorption along with the corre-
sponding structures of the reaction species formed during the
reduction process. The N2 molecule adsorbed on the catalyst in
the side-on conguration captures one pair of H+/e� and forms
*N–*NH with an energy input of 0.47 eV, together with the
elongation of N^N from 1.098 Å to 1.17 Å. This step is
accompanied by the highest value of DG ¼ 0.47 eV during the
whole reduction process in both the mechanisms and thus
corresponds to the rate-determining step. All the protonation
steps except the formation of *NH2–NH2 (DG ¼ 0.28 eV) in the
enzymatic pathway and the generation of *NH (DG¼ 0.05 eV) in
the consecutive pathway are spontaneous. The last two steps of
proton-coupled electron transfer in both mechanisms are
common and are thermodynamically favourable. In the case of
the Ti@Ru(0001) catalyst, the desorption of the formed *NH3

molecule in the last step shows a slight uphill with a DG of
0.51 eV. Thus, the Ti@Ru(0001) catalyst displays good perfor-
mance with a limiting potential of�0.47 V vs. SHE following the
enzymatic pathway as well as the consecutive mechanism.

Furthermore, to obtain deeper insight into the mechanism
for both V and Ti-based catalysts, the CI-NEB method was used
to calculate the kinetic barrier for each of the steps of the
consecutive and enzymatic pathways. The calculated values for
the kinetic barrier for each of the hydrogenation steps for the
consecutive and enzymatic pathways for the NRR using
V@Ru(0001) are given in Tables S3 and S4,† respectively. In the
case of the consecutive pathway, the kinetic barrier for the
potential determining step is only 1.14 eV which is quite low as
compared to that of the pure Ru(0001) surface (1.85 eV).86

However, for the enzymatic pathway, the energy barrier for the
rate-determining step for the conversion of *NH–NH2 to *NH2–

NH2 is 1.51 eV. The activation barrier for the rate-determining
step for the consecutive and enzymatic pathways for the
Ti@Ru(0001) catalyst is 1.48 eV (Tables S5 and S6†). The
calculated activation barrier for H2 formation is 1.70 eV which is
very high as compared to that for the hydrogenation of adsor-
bed nitrogen to form *NNH, and thus the competitive HER
process would have a minimal effect on the activity of the
V@Ru(0001) for nitrogen reduction.

Thus, based on the above calculations, V@Ru(0001) exhibi-
ted improved catalytic activity with a record low negative value
of limiting potential of �0.15 V vs. SHE for the conversion of N2

to NH3 following the consecutive pathway along with a kinetic
barrier of only 1.14 eV for the rate determining step.
3.5 Micro-kinetic modelling

Turnover frequency (TOF) is a measure of the instantaneous
efficiency of the catalyst. Thus, microkinetic simulations were
employed to evaluate the TOF for the NRR using V@Ru(0001) as
a function of temperature and pressure under the quasi-
equilibrium approximation.31 The temperature for this reac-
tion was in the range of 500–1000 K while the pressure was in
the range of 1–100 bar.

The contour plot (Fig. 8(a)) gives the variation of TOF with
the change of temperature and pressure. It is evident from
J. Mater. Chem. A, 2022, 10, 6204–6215 | 6211
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Fig. 8 (a) Contour plot depicting the turnover frequency (TOF) for the formation of NH3 over the V@Ru(0001) catalyst at various temperatures
and pressures with 25% and 75% partial pressures of nitrogen and hydrogen, respectively; (b) graph depicting the variation of temperature with
TOF at 100 bar pressure; (c) graph showing the variation of pressure with TOF at 700 K temperature for the V@Ru(0001) catalyst.
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Fig. 8(b) and (c) that TOF rises with the rise of temperature and
pressure, respectively. The rising temperature help in over-
coming the kinetic barrier of the rate-determining step while
the increasing pressure can bring more reactant molecules
together to react and produce ammonia. The calculated value
for the TOF for the formation of NH3 from N2 and H2 using
V@Ru(0001) is 4.25� 10�3 per site per s at 100 bar pressure and
700 K temperature, which is very close to the reported value by
Mao et al.86 The obtained value of TOF for the NRR has
increased as compared to that of the pure Ru(0001) catalyst
(7.04 � 10�5 per site per s). Thus, it can be concluded that SAAs
exhibit excellent performance as compared to the pure
Ru(0001).

4. Conclusion

In conclusion, we have undertaken high throughput screening
of catalysts based on DFT methods to explore the catalytic
performance of 20 single-atom alloys based on transition metal
doped Ru(0001) for the NRR. All the 3d and 4d elements (Sc–Zn
and Y–Cd) were used as doped atoms on the top layer of
Ru(0001), one of the best materials considered so far for the
NRR.49,87,88 In our calculations, it was found that among all the
studied catalysts in this work, the V doped Ru(0001) SAA
exhibited enhanced NRR activity with a very low negative
limiting potential of only �0.15 V vs. SHE along with a reduced
kinetic barrier of about 1.14 eV corresponding to the rate
determining step, following a consecutive pathway for nitrogen
reduction. Apart from V@Ru(0001), Ti@Ru(0001) also showed
good catalytic performance with a limiting potential of �0.47 V
vs. SHE for the production of NH3 via enzymatic and consecu-
tive pathways. Both these materials exhibited good thermody-
namical stability, selectivity and catalytic activity for the NRR
6212 | J. Mater. Chem. A, 2022, 10, 6204–6215
process. Alloying of Ru with a transition metal helped in tuning
the binding energy of the adsorbed nitrogen on the surface of
the catalyst, thereby increasing its catalytic activity. SAAs seem
to be favourable for decreasing the energy barrier by enhancing
the binding strength of nitrogen. This work could possibly
encourage more experimental and computational studies
towards the design of highly efficient single atom alloys for the
electrochemical conversion of N2 to NH3.
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