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ABSTRACT: The nitrogen electroreduction reaction (NRR) in aqueous solutions at
ambient conditions represents an attractive prospect to produce ammonia, but the
development of long-term stable and low-cost catalysts with high-efficiency and high-
selectivity remains a great challenge. Herein, we investigated the potential of a new
class of experimentally available boron-containing materials, i.e., the cubic boron
phosphide (BP) and boron arsenide (BAs), as metal-free NRR electrocatalysts by means
of density functional theory (DFT) calculations. Our results revealed that gas phase N,
can be sufficiently activated on the B-terminated (111) polar surface of BP and BAs,
and effectively reduced to NH; via an enzymatic pathway with an extremely low
limiting potential (-0.12 V on BP and -0.31 V on BAs, respectively). Especially, the
two proposed B-terminated (111) surfaces not only have a large active region for N,
reduction, but also can significantly inhibit the competitive hydrogen evolution reaction,
thus have rather high efficiency and selectivity for NRR. Therefore, the cubic BP or
BAs with mainly exposed (111) facets may serve as promising metal-free NRR

catalysts with superior performance.
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1. Introduction

Ammonia, one of the most important synthetic chemicals for human sustainable
development, is not only a carbon-free energy carrier, but also of great significance to
fertilizer production.'* In industry, NH; has been routinely produced by the Haber-
Bosch process for more than 100 years, in which gaseous N, and H, molecules are
firstly dissociated into atomic N and H species, followed by their bonding into NH; on
conventional Fe- or Ru-based catalysts. In this process, however, high temperature
(about 300~500 °C) and high pressure (about 150~300 atm) are required to directly
split the inert and strong N=N bond.>’ In addition, this conventional NH; synthesis
process consumes more than 1% of the global energy, and is accompanied by huge
greenhouse gas emission.®? Thus, it is highly desirable to develop alternative strategies
for NH; synthesis.!%-1!

The electrochemical nitrogen reduction reaction (NRR) at ambient conditions is
very attractive due to its much reduced energy input and favorable environmental
compatibility,'>!3 in which electrocatalysts are the core components to reduce the
reaction overpotential and increase the reaction rate and selectivity of N, reduction.!#13
Currently, the transitional metals-based NRR electrocatalysts working at ambient
conditions have been widely investigated both experimentally and theoretically,
including metal nitrides and oxides, or single metal atoms anchored on various
substrates.'>> However, the practical application of these metal-based NRR
electrocatalysts has been severely limited by their low selectivity, high overpotential,

easy deactivation, and detrimental environment impact.>!3-24
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In recent years, the emerging metal-free catalysts for NRR have attracted
increasing attention due to their intrinsic advantages, such as low cost, high reliability,
good biocompatibility, and excellent sustainability. In particular, boron-based
heterogeneous electrocatalysts have demonstrated their strong potentials to capture and
convert N, molecules to NH; in aqueous solutions at ambient conditions based on the
so-called “acceptance-donation” mechanism.?>-2¢ For example, Yu et al. experimentally
confirmed that the boron-doped graphene with the doping level of 6.2% can achieve a
NH; production rate of 9.8 ug-hr'!-cm 2 and faradic efficiency of 10.8% at —0.5V
versus reversible hydrogen electrode.?” Ling et al. proposed that the B atom anchored
on graphitic-carbon nitride (g-C3;N4) could be utilized as a metal-free NRR
photocatalyst under visible light drive with a record low onset potential (—0.20 V).23
Qiu et al. revealed that boron carbide (B4C) nanosheet could act as a metal-free catalyst
for high-performance electrochemical nitrogen-to-ammonia fixation, which can
achieve a high ammonia yield of 26.57 pgh ' mg! and a fairly high Faradaic
efficiency of 15.95% at —0.75V versus reversible hydrogen electrode.?* Though
significant progress has been made, it is still a big challenge for the development of
high-efficient electrocatalysts with large reaction regions (or high concentration of B
species), which could render its catalytic activity be fully achieved.

From this perspective, we intuitively speculate that the most common B-
containing compounds in III-V semiconductors, such as cubic boron nitride (BN),
boron phosphide (BP) and boron arsenide (BAs), may show possible NRR activity.

Note that these cubic III-V semiconductors are experimentally available, and their

4
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applications as high thermal conductivity materials have attracted great attentions.
Moreover, cubic BP is a promising electronic material for harsh environmental
application, due to its good stability at high temperatures, high mechanical hardness,
modest band gap (2.00 V), and high dielectric constant.’%-3! The recently synthesized
high-purity cubic BAs*? have similar electronic properties as Si3* with a moderate band
gap (1.50 eV),** thus are promising for applications in electronics and photovoltaics.
However, cubic BN is not suitable for electroreduction application because of its
extremely large band gap around 6 V.3

Considering the high abundance of B species in cubic BP and BAs, an interesting
question arises: can the experimentally available cubic BP and BAs be directly utilized
as metal-free electrocatalysts for NRR? To address this question, in this work, by means
of comprehensive density functional theory (DFT) computations, we explored the
catalytic performance of their (100), (110), and (111) surfaces towards NRR. Our
computations showed that among these three considered surfaces, the B-terminated
(111) surface exhibits the highest NRR catalytic activity with a low limiting potential
(-0.12 V for BP and -0.31 V for BAs, respectively) via an enzymatic reduction
mechanism. Meanwhile, the hydrogen evolution side reaction can be significantly
inhibited, suggesting the high selectivity towards NRR. Therefore, B-terminated (111)
surfaces of cubic BP and BAs are quite promising metal-free electrocatalysts for NRR
with large active region, high efficiency and selectivity, which opens a new door to

advance the sustainable NH; production.
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2. Computational Methods

Our spin-polarized DFT computations were performed using the Vienna Ab Initio
Simulation Package (VASP) unless stated otherwise.?® The exchange correlation
energy was represented by the Perdew-Burke-Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA) and the electron-ion interactions were
described by the projector augmented wave (PAW) method.3’-3° The (100), (110), and
(111) surfaces of cubic BP and BAs were constructed to explore the possible NRR
activity. All these surfaces consist of four BP/BAs atomic layers, which are thick
enough for energy convergence based on the test calculations (Table S1). The bottom
two BP/BAs atomic layers are fixed, while atoms in other layers are fully relaxed during
geometry optimizations. A 4x4 supercell was used for the (100) and (111) surfaces,
while a 3x4 supercell was employed for the (110) surface in order to obtain similar
supercell size. Dipole correction was employed to correct potential spurious terms
arising from the asymmetry of the slabs.*® A Monkhorst-Pack k-point mesh of 3x3x1
was used to sample the Brillouin zone, and the plane-wave cut-off energy was set to be
500 eV. All the structures were fully relaxed until the forces on each atom (except for
those fixed ones) were less than 0.03 eV/A and the convergence criterion for the
electronic structure iteration was set to be 107 e¢V. The van der Waals (vdW)
interactions were described by using the empirical correction in Grimme’s method
(DFT+D3).4! The vacuum space was set to be 20 A in the z direction, which was large
enough to minimize the interactions between periodic images. The climbing image

nudged elastic band (CI-NEB) method was used to find saddle points and minimum-

6
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energy paths.*? Hirshfeld population analysis** was performed by PBE functional with
DNP basis set using DMol? program.**

To investigate the thermodynamic stability of different surfaces under
examination, we firstly calculated the surface energy (y,) following the definition y, =
i(E gg’r‘}’gce — Ngtomsx E bulk), where A is the surface area, E §§lr‘}’ﬁlce is the energy of the
relaxed surface, Ng¢oms 1S the number of atoms in the slab, and E},, is the bulk energy
per atom. According to this definition, the surface with a smaller y¢ value has a higher
thermodynamic stability and higher probability of natural exposure. To further evaluate
the thermal stability of relevant surfaces, ab initio molecular dynamics (AIMD)
simulations were performed in the canonical ensemble (NVT) with Nose-Hoover
thermostat at 500K for a time period of 10 ps with a time step of 2 5,434

The adsorption energies (E,4;) of the NRR intermediates were determined by
Eqds = Etotat — Esiab — Eads orbates Where Etoral, Esiap and Eqgs orpate Tepresent the
total energies of the species-adsorbed slab system, clean slab, and the adsorbate,
respectively. According to this definition, a more negative adsorption energy indicates
a stronger adsorption.

The Gibbs reaction free energy change (AG) of each elementary step in the NRR
process was calculated by using the computational hydrogen electrode (CHE) model
proposed by Nerskov et al.,*” in which the chemical potential of the proton-electron
pair in aqueous solution is equal to one-half of the chemical potential of a hydrogen
molecule. Based on this model, the AG value can be obtained by
AG = AE + AZPE — TAS + AGpy + eU, where AE is the reaction energy of

7
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reactant and product species adsorbed on catalyst surface directly obtained from DFT
computations; AZPE and AS are the changes of zero point energies and entropies

between the adsorbed species and the gas phase molecules at 298.15 K, which were
calculated from the vibrational frequencies. AG,y is the free energy correction of pH,
which can be calculated by AG,y = KpT X pH X In10. Notably, the pH value was

set to be zero in this work for simplicity; U was the applied potential.

3. Results and Discussions
3.1 Structures, stabilities and properties of B-terminated surfaces

Since the crystal structures of cubic BP and BAs are identical except for the lattice
constants, the atomic structures of their corresponding low-index surfaces, such as
(100), (110), and (111), are also be very similar. Thus, for simplicity, we chose BP as
a representative when discussing the surface atomic structures, and Figure 1 presents
the atomic structures of the optimized (100), (110), and (111) surfaces of cubic BP,
while the detailed data for BAs are given in Figure S1 in the Supporting Information.
Compared with the clean-cut surfaces, obvious surface reconstructions and relaxations
occurred upon geometry optimization in order to reduce the surface energies or saturate
the surface dangling bonds. In detail, for the BP (100) surface, two adjacent B atoms
form B, dimers (bond length ca. 1.66 A) to saturate the otherwise dangling bonds
(Figure la), while the bond between surface B atom and its neighboring P atom is
shortened to ca. 1.90 A, which is slightly shorter than that (1.96 A) in the bulk. In the

case of BP (110) surface (Figure 1b), the surface B atoms take an obvious inward
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relaxation, leading to a shortened B-P bond of ca. 1.92 A. On the BP (111) surface
(Figure 1c), the B and P atoms are located in slightly different planes: the B atoms are
at the outermost layer, while the P atoms are at the inner layer, and the surface B-P
bond length is ca. 1.89 A due to the inward relaxation of surface B atoms. Note that
almost the same surface reconstructions and/or relaxations can be observed for the
(100), (110), and (111) surfaces of cubic BAs (Figure S1), and the surface relaxation

behavior of cubic BP and BAs is very similar to cubic BN.48-33
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Figure 1. Schematic atomic structures of (a) the (100) surface, (b) the (110) surface,
and (c) the (111) surface of cubic BP. The local density of states (LDOS) of surface B
atoms marked by red dashed circle on (d) the (100) surface, (e) the (110) surface, and
(f) the (111) surface of cubic BP. The Fermi level (Eg) was set to be zero and denoted

by the black dashed line.

In order to identify which surface is more dominantly exposed for both cubic BP
and BAs, we calculated the surface energies of these three low-index crystal surfaces.
Our results revealed that B-terminated (100), (110), and (111) surfaces have similar

surface energies for both BP and BAs, implying their similar thermodynamic stabilities
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and almost the same possibilities to be exposed. In addition, we also explored the P- or
As-terminated (100) and (111) surfaces. We found that the P/As-terminated surfaces
generally have higher surface energies than B-terminated ones, suggesting that the B-
terminated surfaces have higher thermodynamic stability and higher probability of
natural exposure. Thus, we only focus on the NRR process on B-terminated surfaces in
the following discussion.

Since electronic properties play an important role in the adsorption, activation, and
subsequent reduction of N, on corresponding surfaces, we examined the local density
of states (LDOS) of surface B atoms on the three considered low-index surfaces for
both BP and BAs (Figure 1 and Figure S1). The (111) surfaces are greatly spin-
polarized with rather high spin magnetic moments (7.92 and 7.84 pg for BP and BAs,
respectively), which are mainly contributed from the surface B atoms (Figure S2). Note
that previous studies revealed that the surface spin polarization facilitates the activation
of N, molecule,?!%>* thus, the surface B atoms on the (111) surfaces may also have
potential to activate the inert N, molecule. On the contrary, the (100) and (110) surfaces
of BP and BAs have almost no spin polarization due to the formation B-B dimer and
the inward relaxation of surface B atoms, respectively. Note that the same
polarization/non-polarization characteristics observed in the corresponding surfaces in
BN.33-3 Interestingly, the LDOS of BP (111) (Figure 1f) is obviously higher than those
of BP (100) and BP (110) surfaces (Figure 1d and le) around the Fermi level. Similar
results were also observed for cubic BAs (Figure S1d-f). Thus, the B atoms on the BP

(111) and BAs (111) surfaces may accumulate more electrons around the Fermi level,

10
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which could be easily transferred into the anti-bonding orbitals of N,, facilitating to
activate the inert N, molecule. Meanwhile, each B atom on the (111) surfaces forms
three covalent bonds with neighboring P or As atoms, leaving one empty orbital to
accept the lone pairs electrons of N, molecule, which is very similar to the proposed
"acceptance-donation" process observed in B-decorated g-C3Ny4 nanosheet.?® All these
analyses suggest that the (111) surfaces may possess higher chemical activity toward
N, molecule than (110) and (100) surfaces, which will be further discussed in the

following sections.

3.2. Adsorption of N; on B-terminated surfaces

The adsorption of N, on the catalyst surface is the first step for the NRR pathway,
which is crucial for the subsequent reaction steps. Two different adsorption
configurations, including end-on and side-on patterns, were considered for N,
adsorption on all the relevant surfaces of BP (Figure 2) and BAs (Figure S3). After fully
structural relaxation, the calculated N, adsorption energies are summarized in Table 1,

while the corresponding free energies are given in Table S3.

Table 1. The calculated adsorption energies (eV) of N, molecule with side-on and

end-on patterns on the (100), (110) and (111) surfaces of BP and BAs.

BP BAs
configuration
(100) (110) (111) (100) (110) (111)
side-on -0.19 -0.12 -0.53 -0.07 -0.11 -0.56
end-on -0.54 -0.44 -0.64 -0.55 -0.68 -0.76

11
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For simplicity, we took the (111) surface of BP as a representative to describe N,
adsorption behavior. The adsorption energies of N, molecule on BP (111) surface are -
0.53 and -0.64 eV for the side-on and the end-on patterns, respectively. Thus, the end-
on pattern is more favorable thermodynamically than side-on one. Furthermore, the
newly formed B-N bond lengths are ca. 1.47 A (end-on) and 1.62 A (side-on),
respectively (Figure 2¢ and 2d), which are shorter than that of BH;NH; (1.65 A),
indicating a strong adsorption of N, molecule on the (111) surface. Due to this strong
adsorption, the B atoms adsorbed by N, extrude from the original plane by ca. 0.21 A
(side-on) and 0.16 A (end-on), respectively.

Remarkably, the N=N bond is elongated from 1.12 A in a free N, molecule to 1.24
A upon adsorption via the side-on manner. For comparison, for the end-on case, the
N=N bond of the adsorbed N, molecule is only slightly elongated to 1.13 A. The
difference in the N, bond elongation can be well understood by the different amount of
charge transfer from the substrate to the N, molecule. According to Hirshfeld
population analysis, the charge transfer (0.16 electrons) in the side-on pattern is more
significant than that (0.05 electrons) in the end-on case, which leads to the obvious
elongation of the N-N bond in the side-on pattern. Note that similar bond elongation

occurs for N, molecule on BAs (111) surface (Figure S3).

12
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Figure 2. Schematic diagram of all stable nitrogen adsorption configurations in (a) the
(100) surface, (b) the (110) surface, (¢) and (d) the (111) surface of BP, in which the
red value is N-N bond length, and the black value is B-N bond length (A).

To get a deeper insight into the observed N, activation on BP (111) surface, we
further examined the charge density difference of N, adsorbed on BP (111) (Figure 3)
and BAs (111) surfaces (Figure S4). Interestingly, the charge transfer is a “two-way”
process, and N, adsorption follows the “acceptance-donation” process:?® the charge
accumulation and depletion can be observed for both N, molecule and terminated B
atoms, in which B atoms accept the lone-pair electrons and simultaneously donate
electrons to the anti-bonding orbitals of N,. Such an “acceptance-donation” process can
be further confirmed by comparing the LDOS of BP (111) and BAs (111) surfaces
before and after N, adsorption (Figure S5), for both BP (111) and BAs (111) surfaces,
the LDOS of surface B atoms clearly decrease and the spin polarization has been
significantly quenched after N, adsorption with the side-on pattern (Figure S2). Overall,
the above results reveal that the inert N, molecule can be sufficiently activated on BP
(111) and BAs (111) surfaces, which would facilitate its subsequent reduction reactions.

In addition, we also explored N, adsorption behavior on the (100) and (110)

surfaces. For these two surfaces, N, molecule prefers to be adsorbed via the end-on
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pattern (Figure 2a and 2b) with the adsorption energies ranging from -0.44 to -0.68 eV,
while only weak adsorption is observed for side-on pattern with adsorption energies
ranging from -0.07 to -0.19 eV (Table 1). Thus, in the following sections, only the end-
on pattern of N, molecule on (100) and (110) surfaces was focused for its further

reduction.

(b)

Figure 3. Difference charge density of BP (111) surface with the adsorption of N, via
(a) side-on pattern and (b) end-on pattern, where the isosurface value is set to be 0.005

e A-3 and cyan and yellow regions represent positive and negative charges, respectively.

3.3. Reaction mechanism and free energy for NRR

The NRR process involves six net coupled proton and electron transfer steps,
which can be simply written as: N,(g) + 6H* + 6e~ — 2NHj3. During the NRR
process, N, molecule is gradually hydrogenated by the protons from the solution and
electrons from electrode, producing various NyH, intermediates, including N,H", N,H,*
N,H;5", N,H,", N*, NH*, and NH,". As well understood, the N, molecule can be reduced
to NH; through three reaction pathways, namely, enzymatic, distal, and alternating
pathways.??328 In general, the side-on adsorbed N, can be reduced to NH; through
enzymatic mechanism, in which its two N atoms are hydrogenated alternately, and the
second NH; will be generated immediately after the first one is released. For the end-

on adsorption configuration, the NRR proceeds following either the distal or the

14
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alternating pathway. In the distal pathway, the remote N atom is firstly hydrogenated
to release NH;, while the two N atoms will be hydrogenated simultaneously in the
alternating pathway. To evaluate the NRR catalytic activity, we computed the free
energy changes (AG) of each elementary step in the NRR via the enzymatic, distal, and
alternating mechanisms.

The computed Gibbs free energy diagrams of NRR on the (111) surfaces of BP
and BAs along the enzymatic pathway were presented in Figure 4a and 4b, together
with the corresponding adsorbed species structures. The free energy diagrams of distal
and alternating pathway listed in Figure S6 (BP) and Figure S7 (BAs) with the
corresponding structures of the reaction intermediates. Notably, for the computations
of free energies of each elementary step in the NRR, the involved vibrational
frequencies, zero point energies, and entropic corrections of all intermediates were
summarized in Table S4.

Following the enzymatic pathway, on BP (111) surface, the activated N, molecule
with side-on pattern will be firstly hydrogenated to NoH" species with the AG value of
-0.44 eV. Subsequently, the formed N,H" species is further reduced to be NHNH",
NHNH,", NH,+NH,", NH," and NH;". In this case, all the elementary steps are
downhill in the free energy profiles, except for the formation of the second NH; (NH3
+H*Y + e~ - NH3) with the AG value of +0.12 eV (Figure 4a). Thus, this step is
the potential-determining step (PDS) for the whole NRR with a rather low limiting
potential (-0.12 V). Remarkably, the direct desorption of the formed NH; from BP or

BAs surface could be difficult due to its large free energies (1.20 ~ 1.60 eV). However,
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the NH; desorption is not a problematic obstacle due to the following reasons: 1) the
released energy (about 3.40 eV, Figure 4) at the corresponding hydrogenation steps is
large enough to overcome the required energy for the release of the formed NHj
(1.20~1.60 €V);?%-29 2) the formed NH;" can be hydrogenated into NH4* under strongly
acidic conditions, which has been observed in previous reports on the electrochemical

reduction of nitric oxide.>°

16
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Figure 4. Gibbs free energy diagrams for N, reduction through enzymatic mechanisms

on (a) BP (111) surface and (b) BAs (111) surface at applied potentials, together with

the corresponding adsorbed species structures.

When the NRR proceeds through the distal or alternating pathway (Figure S6), the
potential-determining step locates at the formation of the first NH; or the N,H" species

due to the maximum AG value (0.99 or 0.49 eV), which is much higher than that of

17
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enzymatic pathway (0.12 eV), suggesting that the nitrogen reduction on BP (111)
surface prefers to take place through the enzymatic pathway. Similarly, on BAs (111)
surface, the enzymatic pathway is also the most favorable for the NRR (Figure 4b), and
the reaction step of NH," — NH;" is the PDS with the free energy change of 0.31 eV,
which is about two times higher than that of BP (0.12 eV).

Notably, though the side-on pattern is slightly less favorable than the end-on
pattern for the N, adsorption on the (111) surfaces, the free energies of the formed N,H"
species in the side-on pattern in the enzymatic pathway is more stable by about 0.84 eV
(BP) and 0.81 €V (BAs) than that in the end-on pattern. The activation barrier for N,H*
to transfer from the end-on to side-on pattern is rather small (0.02 eV for BP, 0.01 eV
for BAs) (for details, see Figure S8 in the Supporting Information).

Thus, we also considered the mixed catalytic pathway, i.e., N; is firstly adsorbed
on catalyst surface in the end-on pattern, followed by its hydrogenation to N,H" species
with a side-on pattern, and the subsequent elementary steps follow the enzymatic
pathway (Figure S9 in Supporting Information). Note that in the actual reactions, this
mixed pathway is most favorable. Since the PDS is the formation of the second NHs,
the limiting potential in this preferred mixed catalytic pathway is the same as the
enzymatic pathway (-0.12 V).

In addition, we explored the catalytic performance of (100) and (110) surfaces of
BP and BAs. Since only the end-on pattern is stable for N, adsorption on these surfaces,
the NRR prefers to occur through the distal or the alternating pathway. We first studied

the hydrogenation of the adsorbed N, molecule to No,H" species, and found that the free

18

Page 18 of 32



Page 19 of 32

Journal of Materials Chemistry A

energy of N,H" formation on the (100) and (110) surfaces of BP or BAs is at least 0.66
eV, which is much larger than that of the corresponding (111) surfaces (0.12 eV for BP
and 0.31 eV for BAs). Thus, the NRR activity of the (100)/(110) surfaces of BP and
BAs is much lower than the corresponding (111) surfaces, and will not further studied.

Our above studies revealed that the BP (111) surface exhibits the highest catalytic
activity towards NRR among all the considered surfaces, its limiting potential (-0.12
V) is even lower than that of the recently reported B-decorated g-CsN4 with a record

low limiting potential (-0.20 V).28

3.4. Stability against poisoning

The hydrogen evolution reaction (HER) is a one of competing electrochemical
reaction against NRR, since the adsorbed H could block the effective active sites and
thus reduce the Faraday efficiency. For the HER, due to the strong interaction between
H and B atoms, the HER process is hindered by the Heyrovskey step(H* + HY + e~
— H») with the computed free energy barriers of 1.38 and 1.52 eV, respectively, which
are much larger than that of NRR (0.12 and 0.31 eV, Figure 4) suggesting that BP and
BAs (111) surfaces exhibit outstanding catalytic performance for the NRR than HER.

In addition, we also compared the difference in the adsorption strength between
H" and N,H" species, because the formation of N,H" species is the first hydrogenation
step and its adsorption strength on catalyst surfaces usually determinates the
overpotential requirement on catalysts. Thus, a promising NRR catalyst should be able

to stabilize N,H speices.>’-8
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Note that the electrochemical ammonia synthesis usually involves associative or
dissociative pathways.’’® In both pathways, two hydrogenation mechanisms exist: 1)
Tafel-type mechanism,* in which the solvated protons from the solution first cover the
catalyst surface and couple with electrons. Subsequently, the hydrogen adatoms react
with N,H, or NHy to yield NH;. Notably, this mechanism is very slow at room
temperature because the activation barriers for H* + NH," — NH,,;" reactions are
generally larger than 1.00 eV. In particular, an applied bias can indirectly affect the
thermochemical barrier by varying the concentrations of the reactants.®%6! 2)
Heyrovsky-type mechanism,%? in which the adsorbed N,Hy or NH, species will be
hydrogenated by direct attachment of protons from the solution and electrons from the
electrode, and the applied bias has an direct influence on the energy barrier. In this
study, the Heyrovsky-type mechanism was considered for the ammonia synthesis from
NRR at room temperature, and the same assumptions have been widely employed in
the electrochemical reaction of CO, and 0,.93% The computed adsorption energies of
N,H" in the side-on pattern are -3.38 eV (BP) and -3.49 eV (BAs), respectively, much
more negative than that of H* (-1.69 and -1.83 eV, respectively). Therefore, the N,H*
species is energetically favorable to be adsorbed on the electrocatalysts rather than H

species, and the hydrogen poisoning is not a big concern.
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Figure 5. Gibbs free energy diagrams of HER on BP and BAs (111) surfaces.

Clearly, the (111) surfaces of BP and BAs possess an extremely excellent catalytic
activity and selectivity for NRR. However, are these two surfaces stable at ambient
conditions? To address this question, we performed AIMD simulations at 500K for
10ps with a time step of 2fs. Taking BP (111) surface as an example (Figure 6), the
temperature and energy oscillate near the equilibrium state. The atomic structure of BP
(111) surface remains intact without any obvious structure distortion during the AIMD
simulation period, indicating its high stability of BP (111) surfaces. Such a high stability
is also observed for the BAs (111) surface (Figure S10). With high stability at 500 K as
demonstrated by AIMD simulations, we believe that the (111) surfaces of BP and BAs
can be utilized as the highly efficient NRR electrocatalyst at ambient conditions (300

K).
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Since the NRR generally proceeds under the aqueous solution, the proposed B-
terminated (111) surfaces in our work could interact with the environmental water. Thus,
we also considered the adsorption of H,O molecule on BP and BAs (111) surfaces to
evaluate their stability in practical applications. Our results demonstrated that H,O
could be adsorbed on the two catalyst surfaces with the adsorption energy of -0.95 eV,
which is slightly negative than that of N, molecule (about -0.76 ¢V), indicating that the
B-terminated catalysts prefer to be covered by H,O. However, the adsorbed H,O would
easily react with free N, molecule with the help of proton and electron to form N,H
species (i.e., H,O" + N, + H" + e — N,H" + H,0O) with the free energy of -0.06 eV on
BP (111) and -0.16 eV on BAs (111) surfaces, as N,H" species exhibits much stronger
adsorption strength (about -3.40 eV) on the two catalysts than H,O (-0.95 eV). Thus,
the catalytic performance of the two B-terminated catalysts can be well preserved in the

aqueous solution, which has been observed in recent experimental study.® Remarkably,
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the ionic liquids that have high N, solubility was recently adopted to replace water as
the electrolytes to achieve high conversion efficiency for N, electroreduction to
ammonia under ambient conditions, which could suppress the unwanted HER and H,O
poisoning effects.®¢

Finally, we investigated the interaction between our newly proposed catalysts with
O,. Similar to the well-known black phosphorene®”-%® and silicene,® the two proposed
B-terminated surfaces also exhibit high chemical reactivity towards O, molecule,
leading to the formation of oxide units. Thus, chemisorption-induced oxidation will be
a major cause for the degradation of BP and BAs catalysts. A promising solution to
avoid the problematic oxidation is to develop passivation and encapsulation by an inert
material, in the same way as we used BN,”° polymethyl methacrylate (PMMA),”! and
alumina or AlO,,’>73 to protect the otherwise unstable phosphorene and silicene.
Among these encapsulation techniques, AlOy encapsulation using atomic layer
deposition is probably the most appealing in terms of industrial application and
scalability, which can make the encapsulated phosphorene stable for more than 2 weeks
and resist more than 5,000 bending cycles.”>”3 On the other hand, the whole NRR
process could be performed under oxygen-free conditions, as Wang and coworkers
recently demonstrated in their experiments using black phosphorus nanosheets to
selectively catalyze NRR under ambient conditions.” Overall, though BP and BAs
could be unstable in air, we strongly believe that their superior NRR catalytic
performance can be achieved in the quite near future by encapsulation techniques or

under oxygen-free conditions. We also hope that our theoretical studies could inspire
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experimental studies to explore the potentials of B-terminated surfaces for NRR and

other important reactions.

4. Conclusions

In this work, we explored the NRR properties of the (100), (110), and (111)
surfaces of cubic BP and BAs by DFT calculations. Our computations revealed that the
(111) surfaces have comparable surface energies with those of (100) and (110) surfaces,
and are stable at ambient conditions. Among all the considered surfaces, the (111)
surfaces of BP and BAs exhibit superior catalytic performance for NRR due to their
rather low limiting potential (-0.12 and -0.31 V for BP and BAs, respectively) and
strong ability to inhibit hydrogen evolution reactions. Therefore, the cubic BP and BAs
with mainly exposed (111) surfaces are a new class of metal-free low-cost
electrocatalyst with large active region for N, reduction, and can be utilized as highly
efficient electrocatalyst for sustainable NH; production.
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