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ABSTRACT

The discovery of metal-nitrogen centers as the active sites for electrolysis has aroused significant interest in utilizing single-atom
catalysts for nitrogen reduction reaction (NRR). Properly designed nanostructured catalysts that strongly interact with nitrogen
molecules (N,) can promote adsorption and activation, thereby resulting in efficient catalysts with high stability, activity, and
selectivity. In this study, using density functional theory calculations, we selected monolayer black phosphorus (BP) as the
substrate and screened a series of single-atom transition metals confined in tri-coordinated and tetra-coordinated active centers
(without and with N dopants) to electro-catalyze NRR. As a result, we have identified two promising candidates (Hf;-N,P,-1 and
Tc4-N,4), which exhibit not only low overpotentials of 0.56 and 0.49 V but also high thermodynamic and electrochemical stability,
as well as good selectivity towards NRR over the competing hydrogen evolution reaction. We also demonstrate the ability of Hf;-
N;P,-1 and Tc;-N, to activate and hydrogenate N, by donating electrons and regulating charge transfer. This study not only
predicts new BP-based promising catalysts but also provides guidance for the rational design of high-performance NRR

electrocatalysts under ambient conditions.
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1 Introduction

Electrocatalytic conversion of nitrogen (N,) to ammonia has
garnered significant interest and has far-reaching ramifications for
scientific study [1-3], as it uses significantly less energy and
generates less environmental pollution than the conventional
Haber-Bosch process that occurs at extremely high temperatures
and pressures [4,5]. As an inert gas, N, makes up 78.1% of the
earth’s atmosphere, has a high bond energy (940.95 kJ-mol™), low
electron affinity (1.9 eV), and high ionization energy (15.85 eV),
which cause a huge challenge to break the strong N=N triple bond
under ambient conditions [6]. The reaction rate of high-
productivity ammonia synthesis is still greatly limited despite
decades of extensive research into potential catalysts [7-9].
Electrocatalytic nitrogen reduction reaction (NRR) occurs under
an appropriate external voltage, but with its relatively high
equilibrium potentials, NRR will, unfortunately, compete with the
hydrogen evolution reaction (HER) in acidic/alkaline solutions
[10-12]. In addition, this complex NRR involves multiple
proton/electron transfers and the adsorption of various
intermediates, which are not conducive to the occurrence of
ammonia synthesis. Therefore, one of the effective methods to
improve the NRR activity and selectivity is the rational design of

catalysts loaded with highly active sites for N, adsorption and
activation, as well as HER inhibition.

The productivity of ammonia in NRR is highly dependent on
the physicochemical characteristics of the catalyst, such as
electronic and surface structure [13,14]. Currently, two-
dimensional (2D) materials (e.g., graphene, MoS,, and MXenes)
are utilized for NRR and have been generally reported to possess
catalytic activity for ammonia [9, 15-18]. Nonetheless, the active
sites for most 2D materials are concentrated at the edges, and the
majority of surfaces are catalytically inactive, restricting ammonia
synthesis. It is noteworthy that single-atoms-anchored N-doped
carbon materials have been demonstrated to be beneficial for NRR
due to the high inherent catalytic activity in these novel metal-
nitrogen active sites [19-21]. For instance, anchoring the single-
atom Ru onto N-doped carbon has resulted in a high Faradaic
efficiency (FE) of 29.6% at -0.2 V vs. reversible hydrogen
electrode (RHE) [22]. Therefore, applying defect engineering
techniques such as vacancies, single-atom doping of transition
metals (TMs), and non-metallic atom doping, is an instructive
strategy for modifying the electronic structure, electron transfer,
and intermediate adsorption on the surface of single-atom catalyst
(SAC) [23,24].

Recently, well-exfoliated few-layer black phosphorus (BP) was
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reported as a promising catalyst for NRR with a high ammonia
yield of 31.37 ugh™mg_" [25]. Previous theoretical studies also
suggested that SACs anchored on BP (e.g., B-SAC and Mo-SAC)
could be potential metal-free electrocatalysts for NRR [26-29].
This inspired us to screen for more promising single-atom
electrocatalysts based on TMs confined in various defect/doping
BP surfaces. In this work, we used the high-throughput density
functional theory (DFT) calculations and proposed two promising
electrocatalysts of Hf-NP,-1 and Tc,-N,, which exhibit low
overpotentials of 0.56 and 0.49 V, respectively, where the potential-
limiting step (PLS) is *N-N to *N-NH. The electronic structure
calculations indicate that Hf;-N,P,-1 and Tc;-N, sites are good
electron donors for the activation and hydrogenation of N,. Our
study suggests that Hf;-N,P,-1 and Tc,-N, are promising catalysts
for NRR over the competing HER process, which provides a new
impetus for electrocatalytic efficient NRR.

2 Computational details

All spin-polarized DFT calculations were performed by employing
the projector-augmented wave (PAW) method as implemented in
the Vienna ab initio simulation package (VASP) [30-32]. The
generalized gradient approximation in the parametrization of
Perdew-Burke-Ernzerhof (GGA-PBE) was implemented to
describe the exchange-correlation function [33,34]. A plane-wave
cut-off of 450 eV was adopted for a plane-wave basis set. The k-
point in the Brillouin zone was sampled with a 2 x 2 x 1 grid
generated by the Monkhorst-Pack scheme [35]. A vacuum region
of about 20 A thickness was included along the perpendicular
direction to avoid artificial interactions. The self-consistent
convergence criteria of energy and force were set to less than
10° eV and 0.01 eV-A". For the non-self-consistent electronic
structure calculations, the k-point in the Brillouin zone and energy
convergence were increased to 4 x 4 x 1 grid and 10° eV,
respectively. The transferred charge was computed by Bader
charge analysis [36]. The ab initio molecular dynamics (AIMD)
simulations were conducted to directly evaluate the
thermodynamic stability of catalyst structure in the canonical
ensemble (NVT) with Nosé-Hoover thermostat at room
temperature (300 K) for a time period of 20 ps [37, 38].

In NRR, the reaction energy (AG) for each elementary step was
obtained using the computational hydrogenation electrode (CHE)
model proposed by Nerskov et al. [39], which equation is shown
below

AG = AE+ AEzp; — TAS + neU+ AG,y (1)

where AE refers to the electronic energy difference from the DFT
calculations, AE,; and AS are the changes in zero-point energy
and entropy, respectively. The temperature T is set to be room
temperature of 300 K. n and U are the number of electrons
transferred and the applied potential. AG,, is the free energy
correction from pH in the solvation environment. Here, we
assume pH = 0, so it results in AG,; =0 eV. The energy of a
nitrogen and hydrogen atom in a N, and H, molecule in its gas
phase was used as the reference state of N and H.

For the single atom, its binding energy (E,) in SAC and its
metal cohesive energy (E.,,) in the bulk form are calculated by the
following two equations

Eb - EMl—NxP,, - EMsmglc - ENXP)' (2)

Ecoh = (EMhu|k)/N_ EMﬂngI:: (3)

where Ey,,, > Ew,.> Emn.p,> Ex.p,» and N refer to the bulk energy
of transition metal in the united cell, the energy of a single atom in
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a vacuum, the total energy of SAC, the total energy of the
substrate, and the number of atoms in the unit cell, respectively.

According to the CHE model [40], the overpotential (1) for
NRR is determined by the lowest applied potential to drive the
PLS with the most positive AG (AG,,,) to proceed, as computed
by

(]]imi[ing (4)

where U,qiioim 18 the equilibrium potential for NRR and Ui, 1S
the applied potential to eliminate the reaction energy of the PLS.
The value of Uy, is calculated by

1’] - Uequilibrium -

[]limi!ing = 7AGmax/e (5)

where # serves as a good indicator for catalytic activity, ie., a
smaller value of # indicates an easier NRR process.

3 Results and discussion

We began by developing a high-throughput screening strategy
[41-44] (Scheme 1) that integrates the Scheme 1(1) generation of
all possible atomic configurations, the evaluation of Scheme 1(2)
thermodynamic and electrochemical stability, Scheme 1(3) activity
and selectivity, and Scheme 1(4) mechanism analysis including the
reaction pathways, partial density of states (PDOS), charge density
difference, and Bader charge analysis.

3.1 Structural stability of SACs in electrochemistry

Despite the outstanding electrocatalytic activity of SACs, the
practical application of these catalysts heavily relies on their long-
term stability and durability. To account for the structural stability,
we conducted a thorough design and optimization of SACs
geometries onto BP substrates. We explored 16 coordination
environments of SACs anchored on the pristine BP and N-doped
BP substrates (a 5 x 3 supercell with a dimension of 13.17 A x
13.32 A) by varying the ratio between N and P (x and y), the
element type of TMs (M), and three-fold and four-fold
coordination constructed from single-P-vacancy and double-P-
vacancy defects (Fig. S in the Electronic Supplementary Material
(ESM)) in M-N,P,-n centers, as shown in Fig. 1. Using DFT
calculations, we investigated the thermodynamic and
electrochemical stabilities of 3d-, 4d-, and 5d-TM SACs, resulting
in a total of ~ 464 SACs (16 x 29) with combinations between
coordination environments and TMs.

We calculated the stability energy (E ) of 464 SACs and
summarized the results in Fig.S2 in the ESM to evaluate the
thermodynamic stability of SACs. The E, ., is defined as below
(13]

Eslabi]ity =E, — E (6)

where E, and E,, are the binding energy of SAC and metal
cohesive energy in its bulk form, respectively. A negative value of
E iy signifies a preference for the TM atom to form a single-
atom center rather than aggregate into metal clusters. The
calculated values of E, i, in Fig. S2 in the ESM reveal that early
TMs, particularly 3d-Sc, 4d-Y, 4d-Zr, and 5d-Hf, exhibit strong
thermodynamic affinity for interacting with the substrates with 16
different types of coordination environments considered. In
contrast, the formation of SACs on BP substrate from 4d-Mo, -Tc,
and -Ru, as well as 5d-W, -Re, and -Os, is predicted to be less
favorable based on the analysis of thermodynamic stability.
Meanwhile, the electrochemical stability was estimated in terms
of the dissolution potential (Uy,,)
Usis = Uj

diss

(metal, bulk) — E,puy /1€ 7)
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(1) Atomic configurations (2) Structural stability

* Consider 29 different
transition metal centers, * Thermodynamic stability
including Sc, Ti, V, Cr, Mn, Evitity = Eb — Econ
Fe, Co, Ni, etc.
 Electrochemical stability
Ugis = Uiss (metal, bulk) —
Eabiticy/ 1€

* Consider different
coordination environments
and N dopants

Scheme 1 High-throughput screening of SACs confined in BP substrates for NRR.
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Figure1 The SACs with three-fold and four-fold coordinations anchored in BP-based substrate for NRR. Here, 16 coordination environments traversed 29 transition

metals, respectively. Phosphorus, purple; nitrogen, grey; and transition metals, gold.

where UY (metal,bulk) and n are the standard dissolution
potential of bulk metal and the number of electrons involved in
the dissolution [44], respectively. Positive Uy, values indicate
these catalysts are electrochemically stable and less likely to
dissolve under acidic conditions. The pioneering works claim the
reliability and feasibility of this approach, as the majority of the
experimentally ~ synthesized =~ SACs  demonstrate  both
thermodynamical and electronic stability according to these
evaluation criteria [43-45]. Figure S3 in the ESM summarizes the
Ul values of ~ 464 SACs, which displays that certain late 3d-, 4d-,
and 5d-TMs can maintain high stabilites of SACs in the
electrochemical environment, such as Ru, Rh, Pd, Ag, and Cd in
4d-TMs, as well as Os, Ir, Pt, and Au in 5d-TMs. In addition, we
also found that some early 5d-TMs, including Hf, Ta, W, and Re,
exhibit insolubility and retain a stable single-atom configuration in
the electrochemical environment.

Combining E iy and Uy, (all original results are provided in
Supplementary Data 1 in the ESM), Fig.2 classifies ~ 464 SAC
systems into four groups using stability evaluation criteria from
the previous study [41]. Although almost all 3d-TMs showcase the
tendency to form stable single-atom configurations on different
BP surfaces, only a few late 3d-TMs, such as Co, Ni, and Cu, were
found to exhibit additional stability in solution environments of
electrocatalysis. Among 4d- and 5d-TMs, Ru, Rh, Pd, Ag, Cd, Hf,

Tsinghua University Press

I, Pt, and Au also display superior thermodynamic and
electrochemical stabilities in most coordination environments
studied here. Overall, 188 SACs colored purple in Fig. 2 have been
identified as systems with high structural stability and insolubility,
indicating their excellent stability during the electrocatalytic
reactions.

3.2 Activity and selectivity of SACs in NRR

Following the structural stability screening of SACs, we calculated
the adsorption energy of N, (AEY ) in end-on and side-on
configurations, as shown in Fig.S4 in the ESM. Our results
indicate that N, molecules prefer to be adsorbed on the surfaces of
these SACs via the end-on configuration. We also found that the
adsorption energy of N, is dependent on the number of d
electrons of TMs, where early TM-SACs show a stronger binding
strength with the N, molecule compared to their late TM
counterparts. For example, the adsorption energy of Co in 3d-
TMs is more negative than Zn, Ru is more negative than Cd in 4d-
TMs, and Hf is more negative than Au in 5d-TMs, indicating the
more favorable N, adsorption and activation on those early TM-
SACs. This can be explained by the bonding characteristics
between TMs and N, molecules, where the d electrons of early
TM atoms are more likely to be donated to N, than the late TM
metals, as illustrated in Fig. S5 in the ESM, where Ru transfers

4 \é ff ? * “é L @ Springer | www.editorialmanager.com/nare/default.asp
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Figure2 Stability classification of SACs represented by various colors. G,: unaggregatable and indissoluble, G,: aggregatable and indissoluble, G;: unaggregatable and

dissoluble, and G,: aggregatable and dissoluble.

more electrons to the adsorbed N, relative to Cd, resulting in a
stronger binding strength with N,.

We then computed the reaction energy of *N, protonation
(AGY; .,i) based on the end-on configuration of *N,. To assess
the catalytic activity in NRR, we used screening criteria from
pioneering studies, where the adsorption energy of N, on the
catalyst surface should be lower than 0.5 eV (AE{; < -0.5eV)
and the reaction energy of *N, hydrogenation should be less than
0.55 eV (AGY; .y < 0.55 eV) [46,47]. Using these criteria, we
identified some SACs that exhibit a smaller limiting potential than
those of the best pure TM catalysts predicted previously [48]. As
shown in Fig. 3(a), we divided the figure into four distinct regions:
The upper-right region represents the catalysts that do not convert
*N, into *N,H; the lower-right region means catalysts that can
reduce *N; into *N,H but cannot capture N,; the upper-left region
corresponds to the candidates with a strong binding strength to N,
but low performance for its reduction; and only the lower-left
region where the catalysts are marked by green solid circles satisfy
both the criteria we have set. We observed that most catalyst
systems are filtered out, leaving only 21 potential SACs for our
next-step screening of ammonia generation.

We applied additional criteria of reaction energy of *NH,
protonation and desorption energy of *NH3 (AGR, ., <
0.55 eV and AGY;, < 0.70 eV) [46,47] to evaluate the onset
potential and assess the rate of ammonia generation in NRR. Our
calculated results were divided into four categories, which are
shown in Fig. 3(b). Materials located in the upper-right region fail
to meet both criteria. The upper-left and lower-right regions hold
the materials that only satisfy one criterion, whereas only the lower-
left region contains materials that fulfill both criteria. Nine SAC
systems (Ta,-N,P,-2, Hf-N,P,-1, W,-P,, Re;-N P;-1, W,-NP;-1,
Re-N/P;-1, W -NP;-2, Re;-N|P;-2, and Tc-N,) were finally
screened out as promising candidates for highly active catalysts for
NRR. Among these candidates, the number of SACs with four-
fold coordination is much larger than that with three-fold
coordination (7 vs. 2). This can be attributed to the unique
structural characteristic of BP, which causes the strong interaction
between the TM d-electrons with the four-fold coordination
environment, enabling the TM d-orbitals that can interact more
strongly with the reaction intermediates of NRR.

Considering the selectivity between NRR and its competing
HER, we compared the adsorption free energies of *N, and *H on
the surfaces of screened 9 SACs [49]. These results are illustrated

in Fig. 3(c), where the catalysts in the upper-left corner and lower-
right corner are the adsorption dominants of *H and *N,,
respectively. We find that only 3 candidates, i.e., Hf-N,P,-1, Ta,-
NP,-2, and Tc-N, (Fig. 3(d)), show the preference for *N,
adsorption relative to *H adsorption, indicating a high selectivity
of NRR over HER.

3.3 Reaction mechanism of NRR of the screened catalyst

We considered the alternating and distal pathways (Fig. S6 in the
ESM) and summarized the energetics of elementary steps in NRR
on the surfaces of three screened catalysts in Fig. 4 and Fig. S7 in
the ESM, where the corresponding atomic configurations of DFT-
optimized intermediates on the catalyst surfaces are shown in Fig.
S8 in the ESM. The free energies of N, adsorption on Hf|-N,P,-1,
Tc¢,-N,, and Ta;-N;P,-2 are —0.09, —0.11, and —0.51 eV via the end-
on configuration, respectively. The onset potentials of NRR on the
surfaces of Hf}-NP,-1 and Tc;-N, are —0.56 (Figs. 4(a) and 4(b))
and —0.49 V (Figs. 4(d) and 4(e)), where the PLSs both are *N-N
to *N-NH along the alternating and distal pathways. However,
Ta,;-N,P,-2 shows other PLSs along different pathways (Fig. S7 in
the ESM), where PLSs of Ta,-N,P,-2 are the step of *NH-NH, to
*NH,-NH, with the onset potential of —0.82 V and the step of
*NH-NH to *NH-NH, with the onset potential of —~1.13 V along
the alternating and distal pathways, respectively. Therefore, we
conducted additional AIMD simulations to evaluate the
thermodynamic stability of Hf;-N,P,-1 and Tc,-N, at 300 K. After
simulating for 20 ps, we noticed negligible changes in the final
structures (insets in Figs. 4(c) and 4(f)) compared to the initial
structures (Fig. 3(d)), and temperatures fluctuate dynamically
around 300 K (Fig.S9 in the ESM), indicating their good
structural stability at room temperature. In general, Hf-N,P,-1
and Tc¢;-N, are relatively promising catalysts, where the adsorption
and hydrogenation of N, determine the activity and selectivity of
NRR.

Therefore, we investigated the electronic structures of Hf;-N,P,-
1 and Tc-N, to elucidate the reason behind the outstanding
performance of the single atoms Hf- and Tc-anchored BP for
NRR. Figures 5(a) and 5(d) show the PDOSs of Hf}-N,P,-1 and
Tc,-N, before N, adsorption. We find that PDOSs of Hf (5d) and
Tc (4d) are spin-polarized asymmetric and show that d orbitals of
Hf and Tc hybridized with p orbitals of P or N atoms in the
substrate (Figs. S10 and S12 in the ESM). After adsorbing N,, the
overlapped PDOS between Hf (5d) and *N, (2p) is observed in

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 (a) First-step screening of SACs for NRR based on their performance for N, adsorption and *N, protonation into *N,H. (b) Second-step screening of SACs
for NRR based on their performance for *NH; generation from *NH, and its desorption. (c) Computed free energies for *H and *N, adsorption on SACs. (d)
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Fig. 5(b). These overlapped PDOSs are mainly contributed by the
couplings of Hf (d,.,d,.,de - )-*N, (p.,p,) (Fig. S11 in the ESM).
For Tc,-N, in Fig. 5(e), the interaction between the N, molecule
and substrate is described by the overlapped PDOS between Tc
EZER

Tsinghua University Press

(4d) and *N, (2p) that origins from the couplings of Tc
(dy.,de,2)-*N; (p.,p,) and Tc (d,,,d,.,d..)-*N, (p,p,.p.) (Fig.
S13 in the ESM). We further plotted the charge density difference
that shows electron transfers from Hf (Tc) to the adsorbed N, in

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure5 (a) and (b) PDOSs of Hf-5d, P-3p, and N-2p before and after N, adsorption. (c) The charge density difference between the Hf;-N;P,-1 and adsorbates of
*N, and *N,H with the isosurface value of 0.002 e-Bohr™. (d) and (e) PDOSs of Tc-4d and N-2p before and after N, adsorption. (f) The charge density difference
between the Tc;-N, and adsorbates of *N, and *N,H with the isosurface value of 0.002 e-Bohr.

Fig. 5(c) (Fig. 5(f)), resulting in the stretched N-N bond length
with 1.14 A (1.14 A) basis of free N, molecule with 1.10 A. The
Bader charge analysis [36] also confirmed that 0.46 e (0.32 e) were
accumulated on the *N, adsorbate on Hf-N,P,-1 (Tc;-N,),
suggesting the Hf-NP,-1 (Tc,-N,) sites can activate the N,
molecule by donating electrons. Following the succeeding *N,
protonation steps, we plotted the charge density difference of
*NH, adsorbate on Tc;-N, and analyzed the Bader charge transfer
in Fig. 5(d), where Hf|-N,P,-1 (T¢,-N,) transfers 0.32 e (0.22 e) to
*NH, adsorbate. We observe that the accumulated electrons on
Hf,-N,P,-1 and Tc¢-N, contribute to the activation and
subsequent protonation of adsorbed *N,, therefore, resulting in
the best-performance electrocatalyst for NRR with the lowest
limiting potentials among the screened candidates. Generally, the
N, adsorption is enhanced with higher N doping ratios in Hf;-
N,P, (x + y=3) and Tc,-N,P, (x + y = 4) sites, as evident from our
analysis of the N doping effect on Bader charge (Fig. S14 in the
ESM). We note that the radioactivity of Tc should be delicately
addressed during the experimental validation of Tc,-N,.

4 Conclusions

In summary, we have systematically examined the candidacy of 3d-,
4d-, and 5d-SACs confined in BP substrates for efficient
electrochemical NRR. Using high-throughput DFT calculations,
we revealed that Hf-NP,-1 and Tc-N, exhibit good
thermodynamic and electrochemical stability, as well as high
catalytic activity and selectivity for NRR. The preferred reaction
mechanisms of the NRR are the alternating and distal pathways
on the surfaces of Hf}-N,P,-1 and T¢,-N, due to the stable N,
adsorption with end-on configuration. On Hf{-N,P,-1 and Tc¢,-N,,
the overpotentials of NRR are as low as 0.56 and 0.49 V, where the
PLS is *N, to *N,H. The calculated electronic structures of Hf;-
NP,-1 and Tc-N, before and after the N, adsorption
demonstrate the reaction site as the electron donor can activate
and hydrogenate N, by donating electrons and regulating charge
transfer to intermediates. Our results reveal the new single-atom
catalysts of Hf|-N,P,-1 and Tc;-N, confined in BP exhibit intrinsic

NRR activity and selectivity, which also provides guidance for the
experimental synthesis of stable and efficient single-atom catalysts
for electrochemical NRR.
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