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Nitrogen reduction reaction (NRR) is an essential process for ammonia synthesis. Currently, such process
is overwhelmingly catalyzed with iron-based metal catalysts and still confronts the big challenge of high
overpotential when room-temperature electrosynthesis is targeted due to the intrinsic inertness of N=N
bond in N,. In this study, dual metal catalysts have been computationally designed and modulated by
different non-metals dispersed in a graphene frame. As scanned by density functional theory (DFT) calcu-
lations, five candidates, namely Fe,@SNy4, Fe,@BN,, Co,@BN,4, Co,@PN4 and Ni,@PN,4 catalysts, have
been identified as promising catalysts with a calculated onset potential of —0.20, —0.27, —0.36, —0.34, and
—0.33 V, respectively; more importantly, the competitive hydrogen evolution reaction (HER) can be well
suppressed during the NRR. Such excellent catalytic performance origins from two synergetic effects,
including the metal-metal and metal-ligands (non-metals) interactions, both of which can promote the
electron transfer from d-orbitals of metal atom pair to the anti-bonding orbitals of adsorbed N, mole-
cules. This can effectively activate the N=N bond, resulting in low NRR onset potential and high NHsz
selectivity. The presented theoretical effort advances the theoretical understanding and provides guidance
for the rational design of advanced non-precious NRR catalysts with high efficiency and selectivity.
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ing heterogeneous, photo, and electrical catalysis.”® In par-
ticular, electrochemical nitrogen reduction reaction (NRR) is a
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NH; plays an important role in numerous industrial pro-
duction processes and human life owing to it being the main
component of nitrogen fertilizers," basic raw material for most
industrial chemicals,” and an excellent green energy carrier.®
The Haber-Bosch process (HBP), established more than 100
years ago, is still the dominating technology for large-scale
ammonia production. However, this process requires high
temperature (350-550 °C) and pressure (15-25 MPa)* to break
the inert N=N bond, under which condition a large amount
of fossil energy is consumed along with severe emission of
greenhouse gases. In this situation, extensive efforts have been
made to search for environmentally friendly and resource-sus-
tainable NH; synthesis methods.

Inspired by legumes effectively capturing N, from the atmo-
sphere under ambient conditions, researchers have explored
many strategies for the artificial fixation of N, to NHj;, includ-
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promising alternative owing to its low cost, greenness, and
easy accessibility.” " Although numerous NRR catalysts have
been reported, various open challenges, such as high overpo-
tentials, poor selectivity, the consumption of precious metals,
and low efficiency, make it far from achieving the performance
of HBP,'”> which subsequently put forward a challenge to
develop advanced electrocatalysts.

Single-atom catalysts (SACs) have been widely used in catalytic
reactions owing to their unique electronic properties, ultrahigh
utilization, and high catalytic activity and selectivity."*™"” For the
fabrication of SACs, two-dimensional materials have been widely
used as the substrate to fix single metals, such as metal anchored
in N-doped graphene to form M@Nx catalysts (M, N, and x rep-
resent the metal atom, nitrogen atom, and the number of N
atoms, respectively), as demonstrated in various electrocatalytic
reactions.’®2° However, these catalysts feature a single active site,
which often cannot meet the demand of these reactions with
multiple elementary steps because the ideal reactivity requested
by the early stage is often different or even opposite of the late
stage. For instance, strong N-metal interaction is helpful to acti-
vate N,, which is critical for its initial reduction, but such strong
bonding often leads to difficult desorption of ammonia products
at the late stage.>*>*

As inspired by molecular catalysts, several transition
metals, such as Fe, Co, and Ni, are often active for NRR, whose
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empty d-orbitals can accept lone-pair electrons of N, to
enhance the binding strength and donate the partially filled
d-electrons back to the anti-bonding orbital of the molecular
N, adsorbed on it to weaken the N=N triple bond.*® As deter-
mined by this mechanism, transition metals need to be par-
tially oxidized rather than pure metals or highly oxidized, as
well demonstrated by Li et al.*° This underlines the significant
roles of surrounding ligands, which should offer a strong
capacity to fix SACs, but cannot be too strong to fully oxidize
active metals. Another key factor is conductivity, which is criti-
cally important for electron transport during electrocatalysis
processes but hardly available when transition metals are fully
oxidized. Therefore, a delicate balance has to be satisfied
between strong fixation and proper metal-ligands interaction,
which is an open challenge for the rational design of SACs. To
overcome this issue, dual-metal catalysts, which feature metal-
metal and multiple metal-ligands interactions, have been
developed and demonstrated for NRR. Different from SACs,
dual-metals offer the flexibility to choose large sets of metal
combinations and work together, under which single metal-N
interaction does not have to be strong;*' more importantly,
metal-metal bonding can offer excellent conductivity, as
requested by NRR electrocatalysis. It is particularly worth
noting that non-metals themselves can also serve as active
center to catalyze NRR.*>> Such a strategy has been successfully
demonstrated by dual-atom catalysts (DACs)**** and even
triple-atom catalysts.>**® Not surprisingly, the central question
is what metal combinations are ideal.

In the present work, a computational effort has been made
towards a systematic investigation of various combinations of
dual metals using nonmetal-doped graphene as the substrate.
Our design starts from low-cost elements for both transition
metals and ligands, focusing on Fe, Co, and Ni as identified
from early SACs studies.>” Five nonmetals, including B, N, O,
S, and P, have been scanned with N as the major one because
N-doped graphene has been successfully synthesized and
widely used to load SACs and DACs. Following these rules,
dual metals are generated using five ligands, including 15
combinations with a formula M,@XN, (M = Fe, Co, Ni; X = B,
O, S, P, N). As demonstrated below, candidates have been
identified as promising catalysts, namely, Fe,@SN, (0.20 V),
Fe,@BN, (0.27 V), Co,@BN, (0.36 V), Co,@PN, (0.34 V), and
Ni,@PN, (0.33 V), with NRR onset potentials presented in the
brackets, which outperform most of the current NRR catalysts.

Computational details

All the geometric optimization and energetic calculations were
performed within the density functional theory (DFT) frame-
work by employing the Vienna ab initio simulation package
(VASP).*® The exchange-correlation interactions were treated
by the spin-polarized general gradient approximation (GGA)
using the Perdew-Burke-Emzerhof functional.*® The projector
augmented wave (PAW) was used to describe the electron-ion
interactions.*® The plane wave energy cutoff of 400 eV and the
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Monkhorst-Pack grid of 2 x 2 x 1 k-point were set for structure
relaxation, while the density of states (DOS) calculation was
carried out by using a 4 x 4 x 1 Monkhorst-Pack grid. The
energy convergence criterion of 1 x 10™> eV and maximum
force of 0.02 eV A™" were adopted to allow for full structural
optimization. Bader charge analysis was applied to analyze the
atomic charge and charge transfer.*’ To describe the van der
Waals (vdW) interactions, the DFT-D3 (the semi-empirical dis-
persion-corrected density functional theory with the zero-
damping method of Grimme) approach was used in the calcu-
lation.*> The projected crystal orbital Hamilton population
(pCOHP) was employed to analyze the intermediate orbitals
and bond structure by using lobster code.**** All structures
obtained by DFT were visualized using the VESTA program.*’

To evaluate the electrode potentials of the NRR process, the
Gibbs free energies of intermediates were calculated using the
computational hydrogen electrode (CHE) model introduced by
Norskov and co-workers.”® In this study, the standard hydro-
gen electrode (SHE) was used as the reference electrode: H' +
e~ — IH, in equilibrium at 298.15 K and at 1 bar.

Thus, the free energy of proton/electron (H" and e”) was set
to the chemical potential of %Hz under potential, U = 0, and
pH = 0. In addition, all reactions were performed at 1 bar and
298.15 K.

The Gibbs free energy change for each reaction step is
defined by the expression:

AG = AE + AZPE — TAS + AG, + AGpy (1)

where AE is the energy obtained from DFT calculation, AZPE
is the change of zero point energy of the reactants and pro-
ducts obtained from the vibrational frequencies, and AS is the
change of the entropy. The values of AZPE and TAS for each
intermediate are listed in ESL.f AG, represents the free energy
change due to the electrode potential effect. AG,y = kgT
In 10 x pH, where kg is the Boltzmann constant and pH = 0 for
the acid medium.

In the present study, transition metal pairs were anchored
into a 5 x 5 supercell graphene containing three vacancies sur-
rounded by five pyridinic N sites to form M,@NN, (M = Fe, Co,
Ni) structures, as shown in Fig. 1. If one N atom was substi-
tuted by another non-metal atom, such as B, O, S and P atoms,
the M,@BN,, M,@ON,, M,@SN,, M,@PN, structures were
formed, respectively. These structures can be expressed uni-
formly by the formula M,@XN, (M = Fe, Co, Ni; X=B, N, O, S,
P). The vacuum layer was set to 20 A to avoid interaction with
the mirror image of slab. To evaluate the stability of paired
metal atom catalysts, the average binding energy (E;,) was cal-
culated as follows:

By — 2Em + Eslab — Emim+slab )
2

where Epim+siap denotes the energy of the surface embedded

with two metal atoms, Eg,p, represents the energy of the non-

metal element-doped graphene slab, and E\; is the energy of

the single metal atom in a vacuum. Based on eqn (2), the more

positive the binding energy is, the more stable the system.
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Fig. 1 Dual-atom catalyst (DAC) atomic model and the mechanism for nitrogen reduction reaction (NRR). (a) Transition metal atom pair anchored
to the defective graphene matrix with four nitrogen atoms and another nonmetallic atom as its ligands. (b) Schematic representation of alternating,

distal, and enzymatic mechanisms for NRR.

The intrinsic activity of an electrocatalyst is determined by
the potential determination step (PDS), which has the most
positive Gibbs free energy change (Gn.x)- Based on the PDS,
the onset potential Upnset (Uonset = —AGmax/€) is computed to
evaluate the catalytic performance, which is defined as the
reducing potential with all steps in the pathway being thermo-
dynamically downhill.

Results and discussion

To investigate the electrocatalytic properties of these DACs, we
fully considered the possible mechanisms, which have been
well-established and widely used over time as presented in
Fig. 1b. As the first step of NRR, the molecular N, is adsorbed
on the active sites to form an *N, intermediate through two
configurations: end-on or side-on configuration, which then
lead to three different hydrogenation pathways, including the
distal or alternating reaction pathway for end-on configuration
and enzymatic pathway for side-on configuration. Taking
Fe, @SN, as an example, we demonstrate the optimized struc-
tures of every intermediate for NRR along the three reaction
pathways with both configurations, as shown in Fig. 2.

Two end-on geometries have been considered for initial N,
adsorption, with N, adsorbed on the bridge site of Fe dimer
and on the top site on one of the Fe atoms, with the former
being energetically favorable, as shown in Fig. 2(a). With
respect to free gas, following N, adsorption, the N-N distance
increases from 1.09 A to 1.17 A due to the activation. The first
proton-electron pair attacks the distal N to form *NNH inter-
mediate, which is the first step of six elementary reduction
steps. Starting from the second hydrogenation, the reaction
takes two different pathways, namely distal and alternating
mechanisms. The *NNH, intermediates in the distal pathway
still maintain adsorption on the bridge-site, but the *NHNH
intermediates in the alternating pathway transform into
adsorption on the top-site, as fully demonstrated in Fig. 2(a).
Different from distal/alternating paths, the enzymatic process
starts from side-on adsorption, as shown in Fig. 2(b), with N,
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being fixed over two metals. With respect to end-on adsorp-
tion, the N-N distance is enlarged to 1.22 A, indicating stron-
ger activation of the N=N bond, as shown in Fig. S1.}
Following this adsorption, the full enzymatic pathway has
been presented in Fig. 2(b), whose energy profiles will be
further calculated.

To screen the optimal reaction pathway and catalysts, we
calculated the free energy changes AG of PDS of each catalytic
mechanism and then obtained the maximum change (AGax)
and the onset potential (Upnser), which can help us to compare
the performance of different catalysts. The maximum change in
free energy of 15 dual-atom catalysts for NRR vig alternating,
distal, and enzymatic pathways is summarized in Fig. 3. Except
for Fe,@PN,, Co,@PN,, Ni,@NN, and Ni,@SN,, the minimum
AGn, appears at enzymatic pathways of all the DACs, indicating
that the NRR on DACs prefers to take the enzymatic mechanism.
This catalytic property may be ascribed to the synergetic effect of
two transition metal atoms as active sites, which also occur in
the natural N, fixation through the enzyme nitrogenase in diazo-
trophic micro-organisms®” and other dual-site catalysts.*®*°
Furthermore, it should be noted that seven out of fifteen DACs
exhibit excellent catalytic activity possessing very low values of
AGpax < 0.40 eV, including Fe,@BN, (0.27 eV), Fe,@SN, (0.20
eV), Co,@BN;, (0.36 eV), Co,@SN, (0.30 eV), Co,@PN, (0.34 eV),
Ni,@ON, (0.39 eV), and Ni,@PN, (0.33 eV) catalysts, with AGax
being presented in the brackets.

For further performance evaluation of catalyst candidates,
it is necessary to consider the competition between NRR and
HER (hydrogen evolution reaction) that consumes protons and
electrons. We investigated the HER process by calculating free
energy change for the formation of *H, as shown in Fig. S2,}
and then obtained the onset potentials for HER, which are
compared with the corresponding onset potential for NRR, as
illustrated in Fig. 4(a). As we can see that NRR is dominant in
the bottom right region, while HER is dominant in the top left
region. Five candidates, Fe,@BN,, Fe,@SN,;, Co,@BN,,
Co,@PN,, and Ni,@PN,, demonstrate both high catalytic
selectivity and low onset potential for NRR, making them very
promising candidates for the reduction of N,.

This journal is © the Partner Organisations 2023
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Fig. 3 Summary of the maximum change in free energy of 15 Dual-
atom catalysts for NRR via alternating, distal, and enzymatic pathways.

The energetic details for NRR on five candidates are illus-
trated in free energy diagrams, as shown in Fig. 4(b)-(f).
Accordingly, the adsorption free energy changes of N, mole-
cule on Fe,@SN,, Co,@BN,, and Co,@PN, catalysts are nega-
tive with values of —0.82 eV, —0.25 eV, and —0.37 eV, respect-
ively, indicating that N, adsorption can occur spontaneously.
Therefore, these catalysts are superior for the adsorption of N,

This journal is © the Partner Organisations 2023

to Fe,@BN, and Ni,@PN,, which undergo 0.08 and 0.13 eV
uphill, respectively. Additionally, for Fe,@SN,;, Ni,@PN,,
Co,@BN,, and Fe,@BN,, the PDS appears at the first proton—-
electron transfer step, while for Fe,@BN,, the PDS is found at
the fifth step but not the first hydrogenation step. For the
other DACs, the PDS is found almost at the first hydrogenation
step, as seen in Table S2.1 The PDS is directly related to the
onset potentials, under which all the reaction steps are down-
hill. Especially, the Fe,@SN, exhibits excellent catalytic activity
with ultralow onset potential —0.20 V, which is less than that
for the other Fe-based catalysts, such as FeN,@Gra SAC (—1.66
V),>° Fe,Ns@Gra (—0.46 V) DAC,*® and Fe(0001) flat surface
(about —1.23 V).>" It is worth mentioning that we also calcu-
lated the catalytic properties of the corresponding Fe@SN,
SAC, which consists of a unitary single Fe atom as an active
site, as shown in Fig. S1 and S3.} By contrast, the onset poten-
tial of Fe@SN, increases to —1.01 and —0.91 V through distal
and enzymatic processes, respectively. Therefore, the improve-
ment of catalytic performance may be attributed to both the
synergistic effect of dual-metal active sites and significant
boosting from proper ligands.

The origin of the high catalytic performance of DACs was
further investigated by studying their electronic properties.
First, the adsorption of N, molecules on the active site plays
an important role, which is mainly related to orbital hybridiz-
ation and electron transfer. As shown in Fig. 5(a), charge
density differences for end-on and side-on adsorptions have

Inorg. Chem. Front., 2023,10, 4746-4753 | 4749
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N-N bonded to the Fe,@SN,, (c) Fe,@BN,4, and Fe,@NN,4 with side-on configuration, respectively, and (c) and (d) PDOS after N, adsorbed on the
Fe,@SN4, Fe,@BN,, respectively (the d orbital of the Fe atom pair is shown by black line, and the N-2p orbital is represented by gray areas).

been presented, in which significant electron transfer has electrons from the catalysts will inevitably fill into the anti-
been observed from two metal centers. Given that bonding bonding states; as a result, N, has been activated. To better
orbitals have been fully occupied in free N, gas, newly injected understand the orbital interaction associated with N, acti-
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vation, projected crystal orbital Hamilton populations
(pCOHP) and its integration (ICOHP) have been obtained for
N-N adsorbed over Fe,@SN,, Fe,@BN,, and Fe,@NN, with
side-on configuration, as shown in Fig. 5(b). Interestingly,
-ICOHP decreases slightly from 18.94 for Fe,@NN, to 18.58
for Fe,@BN, and 18.12 for Fe,@SN,. Such a result is essen-
tially determined by the electronegativity; as a result, B and S,
with Pauli electronegativity y = 2.06 and 2.58,%* present lower
capacity to oxidize Fe dimer than that by N-ligands (y = 3.04),
which is helpful to keep the metal nature of Fe-Fe dimer. Such
features can be better illustrated by calculated DOS profiles in
Fig. 5(c) and (d). As demonstrated by calculated projected DOS
of N-2p and Fe-3d orbitals after N, adsorption on Fe,@SN,,
and Fe,@BN, surfaces, two features can be summarized: (i)
clear overlap area between the Fe-3d and N-2p has been
observed, suggesting substantial orbital hybridization, which
contributes to the electron transfer between N, adsorbate and
DACs and is beneficial for N, activation; and (ii) stronger
peaks at Fermi energy have been observed, as determined by
lowly oxidized Fe,. Towards efficient NRR, lone-pair electrons
from N, fill into empty d-orbitals of partially oxidized tran-
sition metals, driving initial N, adsorption, following which
metals further back donate electrons to the anti-bonding state
of N, and result in effective activation. As illustrated in
Fig. 5(a), the electron density accumulation areas are mainly
observed between the Fe atom and N,, indicating the enhance-
ment of the N-Fe bond as a result of the electron transfer. In
comparison, electron density depletion is mainly concentrated
on the areas between adsorbed N atoms, which will activate
the N=N bond. Such analysis has been supported by Bader
charge analysis, which shows an electron transfer of 0.67e
from Fe, to N, adsorbed via side-on configuration. In contrast,
the transferred electron to N, adsorbed via end-on configur-
ation is only 0.58e, indicating that the adsorption of N, with
side-on configuration is more conducive to the activation of
N,. As a reference, the transferred electrons to N, bound to
single Fe@SN, is only 0.33e, as illustrated in Table S3,f indi-
cating that the dual-metal atom site can significantly
strengthen the electron donation to absorbed N, and sub-
sequently enhance the catalytic activity. It is also worth noting
that the transferred electrons are different from Fe dimer to N,
adsorbed on the catalyst with different no-metal ligands, as
illustrated in Table S3.1 In particular, 0.57e transfer from Fe
dimer to N, adsorbed on Fe,@NN, catalyst. But the transferred
electrons increase when another no-metal atom is introduced
in ligands, which are related to the Pauli electronegativity of
different no-metal elements.

Finally, the average binding energy E;, of the TM pairs was
calculated to evaluate the stability of the M,@XN, catalysts,
which are listed in Table S3.f The binding energies for
Fe,@SN,, Fe,@BN,, Co,@BN,, Co,@PN,, and Ni,@PN, are
calculated and compared with the cohesive energy associated
with bulk metals in vacuum (bulk metal), 3.03(1.94), 5.46
(4.36), 5.76(3.09), 5.36(2.69) and 5.51(1.39) eV, respectively.
The binding energies are all positive, indicating the metal
pairs are thermodynamically stable in the non-metal doped
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graphene. It is worth mentioning that dual-metal catalysts
have been synthesized readily in experiments, such as isolated
diatomic metal-nitrogen catalyst NiFe-N-C by a metal-organic
framework (MOF) assisted method,> CoFe-N-C catalyst by a
two-step pyrolysis process,>® and ZnCo bimetallic sites sup-
ported on N doped carbon through a competitive complexation
strategy.>® The strategy to combine metal and non-metal
ligands has been experimentally demonstrated by Zhao et al.
with Fe-S-C linkage, showing impressive NRR performance.>®
Following these lab-based achievements, it is believed that the
M,@XN, catalysts proposed in this work are approachable
experimentally.

Conclusions

In summary, we proposed the concept of dual-atom catalysts
M,@XN, for NRR, specifically using low-cost transition metals
(Fe, Co, Ni) and non-metal ligands (O, S, P, B, N). High per-
formance catalysts have been identified from computational
scanning, with five outstanding candidates, Fe,@SNy,
Fe,@BN,, Co,@BN,;, Co,@PN,, and Ni,@PN, catalysts,
offering an onset potential as low as —0.20, —0.27, —0.36,
—0.34, and —0.33 V. This is not only remarkably better than
corresponding SACs, but also superior to expensive noble
metals (such as single Ru®’). These promising candidates also
present excellent NRR selectivity over HER and catalyst stabi-
lity. The electronic structure analysis displayed that the chemi-
cal environment around the metal atom-pair seriously impacts
the electron transfer between adsorbed N, and catalysts, which
plays an important role in the catalytic activity for NRR. We
believe that our theoretical study on transition metal atom-pair
catalysts provides guidance for the rational design of non-pre-
cious NRR catalysts with high efficiency and selectivity.
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