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study†
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Electrocatalytic NO reduction to NH3 (NORR) is regarded as an appealing strategy for both sustainable

NH3 production and harmful NO abatement, but the development of highly active and selective electro-

catalysts to boost such a complex multiple proton-coupled electron-transferred process still remains a

challenge. Here, by means of density functional theory (DFT) computations, we proposed the synthesized

β-PdBi2 monolayer as a highly efficient NORR catalyst. Our results revealed that the β-PdBi2 monolayer

possesses outstanding thermodynamic, dynamic, and electrochemical stabilities, as well as intrinsic

metallicity. In particular, this catalyst exhibits excellent catalytic activity towards NORR with a low limiting

potential of −0.35 V, which can be further enhanced by applying a suitable tensile strain. In addition, we

also explored the effects of pH and applied potential on NORR over the β-PdBi2 monolayer, among which

an alkaline environment of pH = 7.92 facilitates the effective NO-to-NH3 conversion. Thus, the β-PdBi2
monolayer can be utilized as a promising catalyst with high efficiency for NORR, which offers cost-

effective opportunities for advancing sustainable NH3 production and eliminating nitric oxide pollutants.

1. Introduction

As one of the most significant synthetic chemicals in industry,
ammonia (NH3) is not only a vital ingredient and building
block of many nitrogenous compounds for the manufacture of
plastics, explosives, fibers, dyes, and pharmaceuticals, but also
is responsible for the production of 85% of fertilizers to boost
sustainable food for meeting the ever-growing global
population.1–4 In addition, NH3 is an ideal carbon-free H2 fuel
for energy storage and transportation due to its high hydrogen
content of 17.5%.5,6 At present, the large-scale NH3 synthesis
mainly depends on the traditional Haber–Bosch process,
which has been regarded as the most impactful invention of
the 20th century.7,8 However, such a process is energy inten-
sive in that it requires harsh conditions (e.g., 400–500 °C and
150 bar) to break the highly inert NuN triple bond, leading to
mass CO2 emissions and extensive energy consumption.9,10

Recently, the electrocatalytic N2-to-NH3 conversion (NRR)
under ambient conditions has emerged as a green and energy-
saving alternative to the Haber–Bosch technology.11–14

Nevertheless, the high energy (941 kJ mol−1) required for N2

dissociation, low water solubility, and a severe competing
hydrogen evolution reaction (HER) make the NRR process
suffer from serious activity and selectivity problems.15–18 Thus,
the electrochemical NH3 synthesis from N2 fixation still
remains a huge challenge.

Compared with the N2 reactant, nitric oxide (NO) is more
reactive and possesses a lower dissociation energy of the NvO
bond, rendering the NO reduction reaction (NORR) more feas-
ible than NRR for NH3 electrosynthesis
thermodynamically.19–21 Particularly, NO is one of the notor-
ious air pollutants and poses a great threat to the ecological
environment and human health.22–24 Thus, NORR represents
an appealing strategy to produce valuable NH3 and to remedy
NO pollution simultaneously.25–32 Yet, the competitive HER
still greatly limits the NORR, leading to low faradaic efficien-
cies (FE).33–36 Thus, it is of great significance to explore stable
and highly efficient catalysts made from Earth-abundant
elements to impede the unwanted HER and to promote the
NORR process simultaneously.

As a low-toxic, highly-stable, environmentally-friendly
group-VA metal, bismuth (Bi) has received extensive attention
in electrocatalysis such as N2 fixation and CO2 reduction.37–45

More importantly, Bi has been revealed to exhibit a superior
†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3qi00225j

aCollege of Chemistry and Chemical Engineering, Key Laboratory of Photonic and

Electronic Bandgap Materials, Ministry of Education, Harbin Normal University,

Harbin 150025, Heilongjiang, China. E-mail: zhaojingxiang@hrbnu.edu.cn
bModern Experiment Center, Harbin Normal University, Harbin, 150025, China.

E-mail: liuyuejie@hrbnu.edu.cn
cHeilongjiang Province Collaborative Innovation Center of Cold Region Ecological

Safety, Harbin 150025, China

This journal is © the Partner Organisations 2023 Inorg. Chem. Front., 2023, 10, 2677–2688 | 2677

Pu
bl

is
he

d 
on

 2
4 

de
 m

ar
ç 

20
23

. D
ow

nl
oa

de
d 

on
 2

/1
1/

20
25

 2
2:

54
:2

0.
 

View Article Online
View Journal  | View Issue

http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-5315-4105
http://orcid.org/0000-0001-6023-8887
https://doi.org/10.1039/d3qi00225j
https://doi.org/10.1039/d3qi00225j
https://doi.org/10.1039/d3qi00225j
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qi00225j&domain=pdf&date_stamp=2023-04-27
https://doi.org/10.1039/d3qi00225j
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI010009


suppressing effect on the competitive HER due to its rather
weak binding strength with H species,46 which normally helps
improve the selectivity towards the NO electrocatalytic
reduction. However, bulk Bi materials exhibit low efficiency
due to the absence of accessible active sites.47,48 In this regard,
the two-dimensional (2D) counterparts hold great promise for
electrocatalytic application due to their large specific surface
area to facilitate the diffusion of reactants and more exposed
active sites to boost rapid charge transfer.49,50 For example,
Zhang et al. prepared ultrathin 2D Bi nanosheets towards
efficient electrocatalytic CO2 conversion with a FE of 86.0% for
formic acid production.51 Qiao’s group reported that their syn-
thesized Bi nanosheets can be used as a promising catalyst for
NRR, which can be attributed to the sufficient exposure of
edge sites.45 However, the catalytic activity of these reported
2D Bi electrocatalysts is still unsatisfactory due to their low
current density.39,52 Thus, the further development of 2D Bi-
based electrocatalysts with high selectivity and high efficiency
for NH3 synthesis from NORR is of great significance.

Herein, by means of density functional theory (DFT) com-
putations, we proposed a novel 2D material, namely the
β-PdBi2 monolayer, as a promising NORR catalyst. Notably,
using a Bi(111) film on Si(111) as a substrate, β-PdBi2 films
with various layers have been successfully synthesized in
experiments.53 Our results revealed that β-PdBi2 indeed exhi-
bits good catalytic performance toward NO electroreduction to
the NH3 product with high efficiency and high selectivity,
which can be further enhanced by applying a 7% tensile
strain. In addition, the alkaline conditions are also conducive
to boost the NORR catalytic activity of the β-PdBi2 monolayer.
Thus, the β-PdBi2 monolayer can be utilized as an eligible
NORR catalyst for NH3 synthesis.

2. Computational models and
methods

All spin-polarized density functional theory (DFT) compu-
tations were carried out by using the Vienna Ab Initio
Simulation Package (VASP)54,55 with the projector-augmented-
wave (PAW) method,56,57 and a cutoff energy of 550 eV was
adopted. The exchange–correlation interactions were described
by the Perdew–Burke–Ernzerhof (PBE) functional58 within the
generalized gradient approximation (GGA). The convergence
thresholds for energy and force were set to 10−5 eV and 0.01 eV
Å−1, respectively. The DFT + D3 method within the Grimme
scheme59 was used to account for the van der Waals (vdW)
interactions of the reaction intermediates with the catalysts.

A 4 × 4 × 1 supercell was constructed to explore the catalytic
activity of the β-PdBi2 monolayer, in which a vacuum space of
20 Å in the z-direction was adopted to avoid the interactions
between periodic images. The Brillouin zone was sampled
with a Monkhorst–Pack grid of 3 × 3 × 1 for geometry optimiz-
ation, while a denser k-mesh of 15 × 15 × 1 was used for com-
putations of electronic properties. The hybrid functional based
on the Heyd–Scuseria–Ernzerhof (HSE06) method60,61 was

adopted to compute the band structure. The ab initio mole-
cular dynamics (AIMD) simulations were carried out by the
NVT ensemble with the Nose–Hoover thermostat.62 To evaluate
the electrocatalytic performance of the NO-to-NH3 process, the
Gibbs free energy changes (ΔG) of all elementary steps along
all possible reaction pathways were computed by the compu-
tational hydrogen electrode (CHE) model63,64 and further com-
putational details are presented in the ESI.†

3. Results and discussion
3.1. Structure, stability, and electronic property of the
β-PdBi2 monolayer

It has been experimentally reported that 2D β-PdBi2 films can
be synthesized from a single layer up to dozens of triple layers
using a Bi(111) film on Si(111) as the substrate based on the
molecular beam epitaxy method.53 In Fig. 1a, we have pre-
sented the structure of the optimized β-PdBi2 monolayer.
Obviously, the primitive cell of the β-PdBi2 monolayer is
square with two Bi and one Pd atoms in one unit, in which
each Pd atom is located at the center of a square prism of
eight Bi atoms, resulting in the formation of a layered body-
centred unit cell. Furthermore, the optimized lattice constant
of β-PdBi2 is computed to be 3.27 Å with the length of the
Pd−Bi bond being 2.98 Å. Notably, the obtained structure and
the corresponding lattice parameters of the β-PdBi2 monolayer
were well consistent with previous theoretical studies,65–67

indicating the accuracy of the employed methods and models
in this work. Furthermore, according to the Bader charge ana-
lysis, each Bi atom with smaller electronegativity denotes 0.22
e− to each Pd atom, accumulating positive charges on the Bi
atoms (Fig. 1b), which may be conducive not only to activate
the NO reactant, but also to hinder the H+ approaching Bi
active site and the *H formation due to the electrostatic repul-
sion between positively charged Bi and H+. To deeply under-
stand the bonding feature, we computed the electron localiz-
ation function (ELF) of the β-PdBi2 monolayer, where a large
ELF (>0.5) represents the covalent bond or core electrons,
whereas a smaller ELF (<0.5) corresponds to the ionic bonds,
and an ELF value of 0.5 suggests the metallic nature. It can be
seen from Fig. 1c that there are obvious electron delocaliza-
tions in the whole β-PdBi2 monolayer, implying strong inter-
actions between Pd and Bi atoms in the whole framework and
belonging to the robust ionic bonds, which may be beneficial
for the excellent stability of the β-PdBi2 monolayer.

High stability is a prerequisite for the long-term application
of any catalysts. We first computed the cohesive energy (Ecoh)
of the β-PdBi2 monolayer using the following equation: Ecoh =
(Eβ-PdBi2 − EPd − 2EBi)/3, where Eβ-PdBi2, EPd, and EBi represent
the total energies of the β-PdBi2 monolayer, Pd, and Bi atoms.
According to this definition, the computed Ecoh of the β-PdBi2
monolayer is −3.44 eV, which is comparable to those of some
synthesized 2D nanomaterials, such as Cu2Si (−3.46 eV)68 and
germanene (−3.26 eV),68 well consistent with previous results
on its experimental synthesis.53 To assess the thermodynamic
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stability of the β-PdBi2 monolayer, ab initio molecular
dynamics (AIMD) simulations were further performed at
500 K. It can be observed that the β-PdBi2 monolayer well
maintains its pristine structure without obvious deformation
throughout a 10 ps (Fig. S1 in the ESI†), indicative of its out-
standing thermal stability. In addition, a good electrochemical
stability is also vital to guarantee its practical application
under realistic aqueous conditions. To this end, we computed
the dissolution potential (Udiss, ESI†), which is a well-accepted
descriptor to assess the electrochemical stability of a
catalyst.69,70 Fortunately, our results showed that the β-PdBi2
monolayer has a positive Udiss of 0.75 V, suggesting that this
material is electrochemically stable under realistic conditions.
Another important question is whether the bare surfaces of
the β-PdBi2 monolayer could be covered by *O/*OH species in
an aqueous solution under working conditions. To address
this question, the surface Pourbaix diagram71 of the β-PdBi2

monolayer was constructed to reveal its most stable surface
configurations under different equilibrium potentials and pH
values. The results showed that the redox potential (UR) of the
β-PdBi2 monolayer is much less negative than the corres-
ponding UL of NORR, indicating that this catalyst exhibits out-
standing electrochemical stability against surface oxidation
under working conditions (Fig. S2†).

To ensure rapid charge transfer in electrocatalysis, an excel-
lent electrical conductivity is also indispensable. Therefore, we
computed the band structure through the hybrid HSE06 func-
tional, in which the spin–orbit coupling (SOC) effect was con-
sidered, as Bi is a heavy element. As shown in Fig. 1d, we
found that there are some energy bands crossing the Fermi
level, suggesting that the β-PdBi2 monolayer exhibits a metallic
feature. Moreover, its projected density of states (PDOSs) was
computed, from which the high peaks around the Fermi level
could be observed (Fig. 1d). In general, the high DOS at the

Fig. 1 (a) Top and side view of the optimized β-PdBi2 monolayer. The red dashed lines represent a unit cell of the β-PdBi2 monolayer. (b) The
charge difference density of the β-PdBi2 monolayer with an isovalue of 0.003 e Å−3, and yellow and red bubbles represent positive and negative
charges, respectively. (c) ELF analysis of β-PdBi2 monolayer along the (001) plane. (d) Band structure with the spin–orbit coupling (SOC)-corrected
and projected density of states (PDOS) of the β-PdBi2 monolayer.
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Fermi level indicates a high density of carriers, promoting
good electron transfer and boosting the chemical reactivity
towards the adsorbates. Thus, the β-PdBi2 monolayer exhibits
outstanding electrical conductivity, which may be constructive
to its electrocatalytic performance. In addition, there is strong
hybridization between the Bi-6p and the Pd-4d in the whole
PDOSs, again verifying the strong interaction between each
other.

3.2. NORR catalytic performance of the β-PdBi2 monolayer

Prior to the exploration of the NORR catalytic activity, we first
examined the adsorption of the NO reactant on the β-PdBi2
monolayer, which is a pivotal step for affecting or determining
the subsequent reduction pathways. To this end, three typical
adsorption configurations were considered, namely, N-end,
O-end, and side-on patterns (Fig. S3†), on different sites of
β-PdBi2, including the top site of Bi, the bridge site of two Bi
atoms, and the hollow site of a Bi-based square.

After the fully structural relaxation, we found that NO is the
most energetically favorable to be adsorbed on the hollow site
of β-PdBi2 via the N-end pattern, leading to the formation of
four Bi–N bonds with a length of 2.36 Å (Fig. 2a). Moreover,
the corresponding adsorption energy (Eads) was determined
by: Eads = E*NO − E* − ENO(g), where E*NO and E* represent the
DFT energies of β-PdBi2 with and without adsorbed NO mole-
cules, respectively, while ENO(g) is the energy of the isolated NO

molecule. According to this definition, the computed Eads
value for NO adsorption on β-PdBi2 is −0.92 eV, corresponding
to a ΔG of −0.24 eV after taking the contributions of the zero-
point and entropy into account (Fig. 2b) and thus suggesting a
strong NO chemisorption on β-PdBi2. The chemisorption also
elongates the N–O bond length from 1.15 Å in free NO to
1.17 Å in β-PdBi2, indicating that the NO reactant is activated
on the β-PdBi2 catalyst surface. Furthermore, the computed
PDOSs in Fig. 2c showed that the electronic coupling mainly
exists between Bi-6p and NO-2p orbitals. Importantly, β-PdBi2
donates about 0.51 electrons to the adsorbed NO, resulting in
the significant accumulation of negative charges (yellow
regions in Fig. 2d) on the *NO species, which may promote the
subsequent reduction reaction.

In addition to the most stable NO adsorption configuration,
we also obtained other several meta-stable configurations: NO
is adsorbed on the Bi-atop site via the N-end pattern or two
possible Bi–Bi bridge sites of β-PdBi2 via the side mode
(Fig. S4†). The computed Eads values are −0.57, −0.44, and
−0.57 eV, respectively, which are less negative than that of on
the hollow site of −0.92 eV. Furthermore, as for the O-end
pattern, the obtained NO adsorption is even weaker with a con-
siderable small Eads value of −0.27 and −0.04 eV, and the dis-
tance between NO and β-PdBi2 is larger than 3.30 Å. As a
result, the ΔG values for these meta-stable species are gener-
ally positive ranging from 0.11 to 0.64 eV (Fig. 2b), which are

Fig. 2 (a) The optimized configuration, (b) the adsorption free energies (ΔG) for NO adsorption on the β-PdBi2 monolayer in various possible
adsorption patterns, (c) the projected density of states (PDOS) and (d) the charge difference density of the β-PdBi2 monolayer with an isovalue of
0.003 e Å−3 (before and after NO adsorption). Cyan and yellow bubbles represent positive and negative charges, respectively.
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not sufficient to capture the NO molecule on the β-PdBi2 cata-
lyst surface. Thus, the N-end pattern for NO on the hollow site
will be mainly focused in the next discussion because this
pattern is the most stable.

Initiating from the sufficient activated NO species, we then
moved to investigate the catalytic activity on the β-PdBi2 mono-
layer towards NORR for NH3 synthesis. In particular, the
NORR is a five-step hydrogenation process: NO + 5H+ + 5e− →
NH3 + H2O, which could involve many possible reaction path-
ways, such as N-end, O-end, and side-on mechanisms accord-
ing to previous studies.29,72–75 As the N-end adsorption con-
figuration was identified as the most stable, we only con-
sidered the N-end path as shown in Fig. 3. To this end, we
computed the free energy changes of all involved elementary
steps in the N-end path for achieving the lowest energy
pathway, which requires the least negative applied voltage to
make the whole reaction exergonic, namely, the limiting poten-
tial (UL). In Fig. 4, we have presented the free energy diagram
and the corresponding reaction intermediates for NORR on
the hollow site along the N-end pathway, and more detailed
free energy changes of all elementary steps are summarized in
Table S1.†

As shown in Fig. 4, two possible reaction intermediates can
be generated for the hydrogenation of the N and O sites within
the activated *NO species, including *NOH and *NHO. By
comparatively computing their ΔG values, we found that the
*NHO formation is more energetically favorable due to its
smaller ΔG value of 0.35 eV than that of *NOH (ΔG = 0.74 eV).
Remarkably, in the formed *NHO species, the N–O bond is
further elongated to 1.39 Å. Subsequently, *NHO can be
further hydrogenated by reacting with another proton to gene-
rate *NHOH or *NH2O species. The results showed that the

formation of *NH2O is downhill by 0.54 eV, while *NHOH for-
mation is slightly downhill in the free energy profile by 0.04
eV, suggesting the higher feasibility to yield *NH2O species.
The approach of a third proton preferably leads to the dis-
sociation of *NH2O into *NH3 and *O. Interestingly, this
elementary step is highly exothermic by 1.73 eV, whereas the
competitive *NH2OH formation is endothermic by 0.13 eV.
After the release of the NH3 product, the remaining O atom,
which is adsorbed on the Bi–Bi bridge site with a length of
1.34 Å, can be further hydrogenated to *OH and H2O with ΔG
values of −0.62 and −0.64 eV, respectively. Therefore, the
potential-determining step during the whole NO electro-
catalytic reduction to NH3 on β-PdBi2 is the hydrogenation of
*NO to *NHO due to its maximum ΔG value of 0.35 eV among
all elementary steps. Correspondingly, the UL for NH3 syn-
thesis from NORR on β-PdBi2 is −0.35 V. As NORR generally
proceeds in an aqueous solution, we also examined the solvent
effects on the NORR activity of β-PdBi2 by re-computing the
free energy profiles of NORR using the implicit solvation
model as implemented in VASPsol.76 As shown in Fig. S5,† we
found that the change in the ΔG value of PDS is only 0.02 eV,
indicating that the solvent effect has a negligible influence on
the NORR activity. A similar small change (0.03 eV) could be
also observed for the SOC effect (Fig. S6†). Overall, β-PdBi2
exhibits a superior catalytic activity towards NORR, as its UL in
the PDS is comparable to those of previously reported catalysts
(−0.04 to −0.47 V).26–29,72–77 In particular, the catalytic activity
of β-PdBi2 for NORR catalysis is even higher than that of some
reported bimetallic catalysts, such as the experimentally
reported RuGa catalyst (UL = −0.49 V),78 theoretically predicted
Cu2 (UL = −0.30 V),79 Mg–Ni@NC (UL = −0.23 V),80 and Ga–
Cr@NC (UL = −0.43 V),80 further testifying the superior per-

Fig. 3 Schematic depiction of all possible pathways for electrocatalytic NORR to NH3 along the N-end pathway on the β-PdBi2 monolayer.
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formance of the proposed β-PdBi2 for NH3 synthesis from
NORR.

In addition to the NH3 product at a low NO coverage, N2

and N2O are the possible products of NORR at high NO cover-
age, which can be modulated by controlling the partial
pressure according to a recent experimental study reported by
Jiao et al.81 To this end, we also examined the feasibility to
produce N2O and N2 in the NORR process, in which the NO-

dimer, i.e., *N2O2, is a key intermediate. On the β-PdBi2 mono-
layer, two relatively stable *N2O2 configurations were obtained
via the O- and N-end modes with ΔG values of −1.23 and
−0.39 eV, respectively (Fig. S7†). Starting from the O-end
adsorption configuration, the N2O product can be generated
after two hydrogenation steps, which are downhill in the free
energy profile, indicative of the spontaneous N2O formation
(Fig. 5a). We have noted that N2O adsorption on the β-PdBi2

Fig. 4 The energetically most favorable free energy profile for the electroreduction of NO molecules to NH3 product on the β-PdBi2 monolayer
and the involved reaction intermediates. The blue, orange, red, light blue, and white spheres represent the Bi, Pd, O, N, and H atoms, respectively.

Fig. 5 (a) The energetically most favorable free energy profile for the electroreduction of 2NO molecules to the N2O product on the β-PdBi2 mono-
layer and (b) the calculated Gibbs free profile of HER on the β-PdBi2 monolayer.
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monolayer is rather weak, enabling its rapid release from the
catalyst surface, rather than a further reduction to the N2

product. Thus, at high NO coverage, N2O is the main product
of NORR on the β-PdBi2 monolayer, which can thus be utilized
as a promising catalyst to generate tunable multiproducts by
control the NO coverage.82 Another important question is the
competition between NORR and the HER side reaction, which
may greatly impact the faradaic efficiency toward NH3 syn-
thesis. After considering various initial adsorption sites,
including atop, bridge, and hollow sites, we found that the *H
adsorption on the Bi–Bi bridge site and Bi atop site is stable,
and the computed ΔG values are 0.99 and 0.80 eV, respectively,
as shown in Fig. 5b, which is much larger than that of the PDS
in NORR (0.35 eV), implying its overwhelming suppressing
effect on HER and thus guaranteeing the high NORR
selectivity.

3.3. Effect of strain on the NO-to-NH3 catalytic activity

Strain engineering has been widely reported to be a powerful
strategy to tailor the reactivity of eletrocatalysts for achieving
outstanding performance.83–85 Thus, the external biaxial
tensile strain was imposed on β-PdBi2 (Fig. 6a), which can be
realized by direct stretching or using a pre-stretched substrate
in the experiment. Note that the strain range is from 1% to 7%
with a step of 1%. Our AIMD simulations showed that the
structural integrity of β-PdBi2 can be well maintained under a
7% tensile strain (Fig. S8†), indicating its rather high thermo-

dynamic stability. Moreover, we re-computed the free energy
diagrams of the NO-to-NH3 process, which was plotted as a
function of the external tensile strain (Fig. 6b). Our results
showed that the binding strength of NO will be weakened with
the increase of strain (Eads for NO decreases from −0.92 eV to
−0.61 eV at a 7% strain). Moreover, the PDS is unchanged with
the variation of strain, which always occurs in the first hydro-
genation step (*NO + H+ + e− → *NHO). Interestingly, the com-
puted ΔG value of this step decreases gradually, implying the
decrease of the limiting potential with the enhancement of the
tensile strain. As a result, the NO reduction on β-PdBi2 exhibits
the highest catalytic activity with a limiting potential of −0.09
V after applying 7% tensile strain (Fig. 6c), suggesting that the
strain engineering can greatly enhance the NORR catalytic
activity of β-PdBi2 for NH3 synthesis. Notably, under the tensile
strain of 7%, the competing HER reaction is still greatly sup-
pressed due to its larger energy input (0.64 eV, Fig. S9†),
suggesting that the high NORR selectivity is unchanged by the
tensile strain.

As discussed above, the NORR activity of β-PdBi2 at
different tensile strains is highly dependent on the binding
strength of *NO: the adsorption strength of *NO should be as
small as possible, but large enough to prevent NO desorption,
which is well consistent with the famous Sabatier principle.
Thus, to gain a vivid insight into the strain effect on the NORR
activity of the β-PdBi2 monolayer, it is essential to analyze the
bonding nature of the adsorbed *NO species. Hence, we com-

Fig. 6 (a) Schematic of the β-PdBi2 monolayer under biaxial tensile strain; (b) the relationship of ΔG with the strain; (c) the energetically most favor-
able free energy profile for the electroreduction of NO molecules to the NH3 product on the β-PdBi2 monolayer after applying 7% tensile strain and
(d) the correlation of the adsorption energy (ΔEads) of *NO species with the integrated crystal orbital Hamilton population (ICOHP).
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puted the projected crystal orbital Hamilton population
(pCOHP) of the formed Bi–N bonds between *NO and the
β-PdBi2 monolayer. As shown in Fig. S10,† the regions in the
Bi–N antibonding states around the Fermi level increase with
the increase of tensile strain, indicative of a weakened binding
strength of the *NO species on the strained β-PdBi2 monolayer.
The weakened Bi–N bond was further testified using a less
negative integrated crystal orbital Hamilton population
(ICOHP). More importantly, there is a good linear relationship
between ICOHP and Eads of *NO (Fig. 6d), which well accounts
for the role of the external tensile strain in determining the
occupancy of the Bi–N bonding/antibonding orbital
populations.

3.4. pH-Dependent NORR activity

Although the CHE model has been successfully employed to
rapidly screen out promising electrocatalysts and to well
explain the underlying reaction mechanism, the pH-dependent
activity of a given electrocatalyst can not be accurately reflected
due to the limitations of a simple metal/vacuum model at zero
charge to represent a charged electrochemical interface nor-
mally operating at constant potential conditions. Thus, we
employed the constant-potential method (CPM)86–90 to
examine the effects of pH values on the NORR catalytic activity
of a 2D β-PdBi2 monolayer. The computed total energies of

bare β-PdBi2 and its surface with adsorbed NORR intermedi-
ates (*NO, *NHO, *NH2O, *O, and *OH) as a function of the
applied electrode potential (standard hydrogen electrode, SHE)
are shown in Fig. 7a. Interestingly, we found that all energy-
potential points well fit a quadratic relation, and the fitted
data are summarized in Table S2.† The computed Eads values
of the five reaction intermediates with respect to the applied
potential are presented in Fig. 7b. Clearly, the adsorption
energy of *NO is highly dependent on the applied potential,
which would affect the limiting potential under different
applied potentials and pH values. Furthermore, we plotted the
pH-dependent and potential-dependent contour of adsorption
energies of *NO on β-PdBi2 (Fig. 7c). The results indicated that
the adsorption strength of *NO on β-PdBi2 increases as the pH
increases or the applied potential decreases. For example, the
Eads of *NO is −0.42 eV at pH = 1, while it can be increased to
−0.83 eV at pH = 13. Thus, the acidic environment makes the
*NO activation more difficult due to its weak capability to acti-
vate the NO reactant, which may explain the pH-dependent
NORR activity of the β-PdBi2 monolayer. More importantly, we
found that this system will exhibit the highest catalytic activity
at a pH of 7.92 with the limiting potential of −0.23 V vs.
reverse hydrogen electrode (RHE) due to its optimal *NO
adsorption energy of −0.68 eV. The corresponding free energy
profile is presented in Fig. 7d.

Fig. 7 (a) Computed energies of the β-PdBi2 monolayer and the corresponding reaction intermediates as a function of the applied electrode poten-
tial. (b) Adsorption energies of *NO, *NHO, *NH2O, *O, and *OH as a function of the applied electrode potential. (c) pH-Dependent and potential-
dependent contour plot of adsorption energies of *NO on the β-PdBi2 monolayer. (d) The free energy profile for NO-to-NH3 electrocatalytic
reduction on the β-PdBi2 monolayer in pH = 7.92.
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4. Conclusions

In summary, by performing comprehensive DFT compu-
tations, we explored the catalytic performance of the experi-
mentally available β-PdBi2 monolayer for the NO electro-
catalytic reduction to NH3. Interestingly, our results revealed
that the β-PdBi2 monolayer with high stability and inherent
metallicity exhibits a superior NOER catalytic performance for
NH3 synthesis with a low limiting potential (−0.35 V) and the
overwhelming suppressing effect on HER. Particularly, apply-
ing a 7% tensile strain can effectively optimize the NO adsorp-
tion strength to further enhance the NOER catalytic activity of
the β-PdBi2 monolayer. More importantly, based on the con-
stant-potential method, we found that the alkaline conditions
with a pH of 7.92 are also beneficial for boosting the effective
NO conversion to NH3. Our findings not only present an ideal
candidate for NO-to-NH3 electrolysis, but also offer promising
strategies to enhance the NORR catalytic activity, which would
inspire more experimental and theoretical studies to explore
the potential of main-group metal materials in electrocatalysis.
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