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atoms on a CuB12 monolayer as
efficient catalytic sites for urea production†

Changyan Zhu, a Chaoxia Wen,a Miao Wang,a Min Zhang, *a Yun Geng a

and Zhongmin Su *ab

An electrocatalytic C–N coupling reaction to convert CO2 and N2 into urea under mild conditions has been

proposed to be a promising alternative experimentally, but the development of highly stable, low-cost and

high-performance non-metal catalytic sites remains rare and challenging. Herein, a global-minimumCuB12

monolayer with superior stability has been identified based on first-principles computations, and the most

significant finding is that the CuB12 monolayer possesses the best catalytic activity among the reported urea

catalysts thermodynamically and kinetically. All possible reaction pathways to form urea (NH2CONH2)

starting from the CO2 molecule and N2 molecule, including the CO2 pathway, OCOH pathway, CO

pathway, NCON pathway and mixed pathway, as well as the kinetic energy barriers of six possible C–N

coupling reactions are systematically investigated. Non-metal B atoms at the midpoint of the edges of

the squares act as excellent catalytic sites with a limiting potential of urea production of 0.23 V through

the CO2 pathway and OCOH pathway and the lowest kinetic energy barrier of C–N bond formation

(0.54 eV) through the reaction *CO + *NHNH / *NHCONH. Therefore, this study not only identifies the

first non-metal B catalytic sites for urea formation, but also perfects the reaction mechanism to convert

CO2 and N2 into urea, which could provide great guiding significance to explore other high-

performance urea catalysts.
Introduction

Electrocatalytic technology is considered to be the most prom-
ising strategy to replace energy-inefficient traditional industrial
processes and achieve environmentally friendly approaches
under ambient conditions.1–5 In the last 20 years, electro-
catalytic technology has been widely applied in various elds,
including electrocatalytic CO2 reduction reactions (CO2RR) to
alleviate the greenhouse effect,6–8 electrocatalytic N2 reduction
reactions (NRR) to reduce energy consumption in the Haber–
Bosch process,9–11 electrocatalytic oxygen reduction and evolu-
tion reactions (ORR/OER) to promote the industrial applica-
tions of metal–air batteries,12–14 and electrocatalytic hydrogen
evolution reaction (HER) to obtain nonpolluting and zero
emission energy resources.15–17 In particular, the exploration of
superior electrocatalysts for a lower-barrier C–C coupling reac-
tion and highly effective activation of inert N^N triple bonds
has always been of great concern and has made great progress
until now. The faradaic efficiency has increased to 79 � 2% for
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tion (ESI) available. See DOI:

4

the electrosynthesis of the C2 product on boron-doped copper
catalysts through tuning the ratio of Cud+ to Cu0 active sites.18 A
high faradaic efficiency of 15.4 � 1% toward the C3 product (n-
propanol) has also been achieved on a double sulfur vacancy-
rich CuS catalyst at �1.05 V versus the reversible hydrogen
electrode, and the partial current density reaches up to 9.9 mA
cm�2 at �0.85 V in ow cells, which is the best reported elec-
trochemical CO2 reduction toward n-propanol.19 A faradaic
efficiency of 56.55% and an NH3 yield rate of 7.48 mg h�1 mg�1

starting from the N2 molecule have been realized on a single-
atom dispersed Fe–N–C catalyst under ambient conditions.20

Inspired by the C–C coupling reaction and the activation of
the N^N triple bond, electrocatalytic C–N bond formation to
convert CO2 molecules and N2 molecules into urea (NH2-
CONH2) under ambient conditions has been proposed to be
a promising alternative to harsh industrial processes.21 Urea is
regarded as one of the most important nitrogen fertilizers with
a high nitrogen content (46%),22 while its industrial synthesis
requires very large energy consumption under harsh reaction
conditions (350–550 �C and 150–350 bar) and emits a massive
amount of the green-house gas CO2.23–26 Therefore, the explo-
ration of high-performance catalysts for urea production is
a signicant challenge and has attracted tremendous attention
since 2020. In 2020, Chen et al. have successfully realized
electrochemical urea synthesis with a formation rate of
3.36 mmol g�1 h�1 and a faradaic efficiency of 8.92% at �0.4 V
© 2022 The Author(s). Published by the Royal Society of Chemistry
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versus the reversible hydrogen electrode via PdCu alloy nano-
particles on TiO2 nanosheets.21 In 2021, Yuan et al. have ach-
ieved a higher urea formation rate and faradaic efficiency at the
same applied potential via Mott–Schottky Bi–BiVO4 hetero-
structures (5.91 mmol g�1 h�1 and 12.55%) and BiFeO3/BiVO4

heterojunctions (4.94 mmol g�1 h�1 and 17.18%), respec-
tively.27,28 Meanwhile, Meng et al. reported that the urea faradaic
efficiency increased to 23.26% at �0.79 V versus the reversible
hydrogen electrode on oxygen vacancy-rich ZnO porous nano-
sheets by using CO2 and nitrite contaminants as precursors.29

Recently, Zhu et al. have proposed three MBene (Mo2B2, Ti2B2

and Cr2B2) two-dimensional (2D) materials as excellent elec-
trocatalysts for urea formation with limiting potentials ranging
from �0.49 eV to �0.65 eV by means of DFT methods.30 It is
noted that urea is formed all on the metal sites in previous
reports. The non-metal B atom possesses both empty and
occupied p orbitals, which results in unique advantages to
efficiently adsorb and activate the inert N2 molecule by accept-
ing the lone-pair electrons of N2 and donating electrons to the
anti-bonding orbitals of N2 to weaken the N^N triple bond.31–33

Moreover, the electron-decient B atom can also adsorb and
activate the inert CO2 by providing electrons to CO2 and
breaking the inherent p bond.34–36 Therefore, the non-metal
boron atom possesses unique advantages to efficiently adsorb
and activate the CO2 molecule and N2 molecule, simulta-
neously, which is a prerequisite to synthesize urea by the C–N
coupling reaction. Further considering the B atom's intrinsic
merits of low cost, environmental friendliness and long dura-
bility,37–39 the development of non-metal B catalytic sites for
urea production possesses great scientic signicance.

In this work, the entirely planar CuB12 monolayer with
superior stability has been identied to be a global-minimum
conguration. Most importantly, the non-metal B atoms at
the midpoint of the edge of the square are conrmed to be
excellent catalytic sites on the CuB12 monolayer with a limiting
potential of urea production of 0.23 V through the CO2 pathway
and OCOH pathway and the lowest kinetic energy barrier of C–N
bond formation (0.54 eV) through the reaction *CO + *NHNH
/ *NHCONH, which presents the best catalytic activity ther-
modynamically and kinetically among the reported urea cata-
lysts. Furthermore, the competitive CH3OH and CH4 products
can be signicantly suppressed. In addition, all possible reac-
tion pathways starting from the CO2 molecule and N2 molecule
for urea production, including the CO2 pathway, OCOH
pathway, CO pathway, NCON pathway and mixed pathway, are
plotted and investigated in detail.

Results and discussion
Structure, stability and electronic properties of the CuB12

monolayer

The entirely planar CuB12 monolayer with the space group of P4/
MMM is obtained and conrmed to be the global-minimum
structure aer a comprehensive search combined with rst-
principles calculation. The unit cell of the CuB12 monolayer
consists of one Cu atom and twelve B atoms in a square shape
with the optimized lattice parameters of 6.18 Å (Fig. 1a and
© 2022 The Author(s). Published by the Royal Society of Chemistry
Table S2†). In the CuB12 monolayer, the B8-unit (blue-green
colored parts in Fig. 1a) is formed by eight B atoms via multi-
center multi-electron bonds, which is consistent with that in
the predicted a-FeB6 monolayer and is regarded as a subunit.40

The entire planar periodic framework can be considered to be
an extended framework of the B8-unit along a and b directions
by sharing the vertex. Meanwhile, two different eight-membered
rings are constructed, including a round eight-membered ring
with one embedded Cu atom (yellow colored part in Fig. 1a) and
a square eight-membered ring with no anchored metal atom
(pink colored part in Fig. 1a). Hence, each Cu atom binds with
eight adjacent B atoms to form a planar hyper-coordinate
moiety with 2.13 and 2.22 Å Cu–B bond lengths, and the Cu
atom donates electrons to the adjacent B atoms to stabilize the
electron-decient boron framework. This CuB12 monolayer
develops planar hyper-coordinate 2D materials.41–44 The
computed electron transfer from the Cu atom to the boron
framework is 0.46jej based on the Bader charge,45 which is also
further supported by its electron location function (ELF) map46

in the (001) direction (Fig. 1b). Moreover, the localized electron
density over 0.75 among B atoms and uniform electron density
around 0.50 in the whole ELF map suggest that strong bonding
among B atoms exists and the delocalized electrons are
distributed in the whole monolayer framework, which guaran-
tees the superior stability of the CuB12 monolayer. Remarkably,
the square eight-membered ring can still exist in a steady state
without any metal atom, which can be attributed to the multi-
center multi-electron bonds with an ultrahigh electron density
of 0.90 in the square eight-membered ring. The Bader charge
analysis indicates that each B atom at the midpoint of the edges
of the squares possesses +0.30jej, which is expected to be
potential catalytic sites.

To evaluate the relative stability of the predicted CuB12

monolayer, its thermodynamic, kinetic, thermal and mechan-
ical stabilities are all examined. The cohesive energy of the
CuB12 monolayer is rst computed to inspect the thermody-
namic stability and to evaluate the binding strength of the
connected framework, which is dened as Ecoh ¼ (ECu + 12EB �
ECuB12

)/13, in which ECu, EB and ECuB12
are the energies of a single

Cu atom, a single B atom, and the CuB12 monolayer, respec-
tively. The calculated cohesive energy of the CuB12 monolayer
(5.71 eV per atom) is comparable to those of the predicted a-
FeB6 monolayer with the same B8-unit (5.79 eV per atom),40 the
predicted ScB12 monolayer with the same stoichiometry (5.94 eV
per atom),47 the predicted Ni2B5 monolayer (5.82 eV per atom),48

and the experimentally available borophenes (5.90 eV per atom
for triangular-borophene,49 5.95 eV per atom for b12-bor-
ophene,50 and 5.96 eV per atom for c3-borophene50). Such
cohesive energy indicates that the CuB12 monolayer has
a strongly bonded network and excellent thermodynamic
stability. The kinetic stability of the CuB12 monolayer is then
conrmed by its phonon spectrum with no imaginary phonon
modes (Fig. 1c). Its highest frequency of 1334 cm�1 (40 THz) is
comparable to those of the a-FeB6 monolayer (1316 cm�1),40

ScB12 monolayer (1290 cm�1),47 and AlB6 nanosheet
(1150 cm�1).51 The phonon densities of states (PDOSs) of the
CuB12 monolayer presents the highest frequency corresponding
Chem. Sci., 2022, 13, 1342–1354 | 1343
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Fig. 1 (a) Top and side views of the optimized global-minimum structure of the CuB12 monolayer. The red dashed lines represent its primitive
cell. The parts colored in blue-green, yellow and pink indicate the B8-unit, the eight-membered ring with one embedded Cu atom and the empty
eight-membered ring. (b) Electron location function (ELF) map sliced in the (001) direction of the CuB12 monolayer. (c) Phonon dispersion of the
CuB12 monolayer. (d) Projected densities of states (PDOSs) of the CuB12 monolayer using the PBE functional. The Fermi level is set to zero.
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View Article Online
to the B–B interactions, indicating robust B–B bonds in the B8-
unit (Fig. S1†). These data suggest the good kinetic stability of
the CuB12 monolayer. The outstanding thermal stability of the
CuB12 monolayer is also conrmed by AIMD simulations,
because the CuB12 monolayer can well maintain its original
conguration with the B8-unit up to 1200 K at the end of 10 ps
MD simulation (Fig. S2†). Moreover, an explicit solvent envi-
ronment is also evaluated to verify the stability of the CuB12

monolayer under aqueous conditions. 112 H2O molecules are
present on the 3� 3 supercell surface, which corresponds to the
number of H2O in 6 layers of pristine ice. The integral structure
of the CuB12 monolayer at 300 K at the end of 5 ps AIMD
simulations can be well kept under aqueous conditions
(Fig. S3†), suggesting its stability in the explicit solvent envi-
ronment. The mechanical stability of the CuB12 monolayer is
1344 | Chem. Sci., 2022, 13, 1342–1354
examined by using computed elastic constants (C11 ¼ 194.93 N
m�1, C22 ¼ 215.99 N m�1, C12 ¼ C21 ¼ 46.59 N m�1 and C44 ¼
19.87 N m�1). These data meet the Born criteria: C11C22 – C12

2 >
0 and C66 > 0,52 indicating that the CuB12 monolayer possesses
good mechanical stability. Finally, the interlayer strengths in
the complete overlap stacking (AA) and the crossing overlap
stacking (AB) bilayers are both examined (Fig. S4†). The
computed interlayer energies suggest that the AB bilayer is more
favorable in energy with a relatively higher interaction energy of
38.4 meV per atom and a relatively shorter interlayer distance of
3.19 Å, which is weaker than the corresponding value of the
graphene bilayer (141 meV per atom at a distance of 3.08 Å).53

The reason for the AB bilayers possessing a stronger interaction
energy is that the electron repulsion between the upper-layer Cu
atom and the vacant site of the eight-membered ring in the sub-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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layer is weaker than that in the AA bilayers with the electrostatic
repulsion between two Cu atoms in the upper layer and the sub-
layer. In addition, the ELF plot also indicates that there is no
obvious electron location between the layers. As mentioned
above, the CuB12 monolayer satises all stable conditions to be
a promising 2D material, which provides a prerequisite for the
wide utilization of a catalyst.

It is known that the activity of the catalyst is essentially
governed by its electronic properties. Hence, the projected
density of states (PDOS) of the CuB12 monolayer is computed to
preliminarily evaluate its potentiality as a catalyst for urea
production. It is clear that the CuB12 monolayer is intrinsically
metallic due to no gap at the Fermi level using the PBE func-
tional (Fig. 1d). The conducting nature is mainly originated
from the p orbitals of B atoms due to the highest contribution
near the Fermi level. Moreover, the co-existence of the occupied
and unoccupied p-orbitals near the Fermi level can regulate the
moderate “acceptation-donation” interaction between catalytic
sites and reaction intermediates.54,55 The outstanding electronic
conductivity and the moderate “acceptation-donation” interac-
tion are both benecial for its application as an electrocatalyst.
Reaction mechanism of electrocatalytic urea production

The reaction mechanism for electrochemical urea production
starting from CO2 and N2 has been proposed in 2020, in which
six consecutive protonation and reduction processes are
involved.21 In the proposed reaction pathway, the adsorption of
the *OCOH intermediate and the subsequent reduction to *CO
are the rst two protonation pathways, and they are also
signicant to further react for urea production. Subsequently,
the C–N coupling reaction of *CO and *N2 to form a *NCON
intermediate is a kinetically determining factor in synthesizing
urea. The *NCON intermediate is continuously hydrogenated to
*NCONH, *NHCONH/*NCONH2, *NHCONH2, and *NH2-
CONH2, and then urea is nally released. This reaction pathway
is named the NCON pathway in our work (marked in purple in
Fig. 2a). However, is the NCON pathway the only reaction
pathway for urea formation? To better explain the issue and
complement the reaction mechanism of urea production, we
review previous reports about C–N bonding formation and urea
formation. Two valuable pieces of evidence are noticed: (1) the
reduction of adsorbed *N2 to *NNH with accessible Gibbs free
energy change values (DG <0.75 eV) on most catalyst
surfaces;27,28,30 (2) the C–N bonding formation originated from
*CO and *NH2 on Te-doped Pd nanocrystals.56 These results
imply that it is also possible to form a C–N bond through *CO
and *N2Hx intermediates. Therefore, we propose another three
potential reaction pathways for electrochemical urea produc-
tion. According to the CO2 reduction step, they are named the
CO2 pathway marked in red, the OCOH pathway marked in blue
and the CO pathway marked in orange, respectively (Fig. 2a).
The potential reaction intermediates on the CuB12 monolayer in
the aforementioned four reaction pathways are all optimized
(side view in Fig. 2b and top view in S5†). Their detailed infor-
mation, including total energy, zero-potential correction energy
and entropy contribution energy, is also given in Table S3.†
© 2022 The Author(s). Published by the Royal Society of Chemistry
In these four reaction pathways, the effective adsorption of
*CO2 and *N2 on the catalyst surface is a prerequisite for elec-
trochemical urea production. Moreover, *CO2 and the rst
hydrogenated *NNH, or the rst hydrogenated *OCOH and *N2

as initial reactants are also feasible for urea production,
because the inert CO2 molecule and N2 molecule can be directly
activated and reduced to *OCOH and *NNH by the surface *H.
In the CO2 pathway, the rst four proton-coupled electron
transfer steps convert the N2 molecule to a *NH2NH2 interme-
diate, and the following two proton-coupled electron transfer
steps reduce *CO2 to a *CO intermediate. The coupling reaction
between the *CO intermediate and *NH2NH2 intermediate
promotes the C–N bonding formation and the *NH2CONH2

product formation. In the OCOH pathway, the adsorbed *CO2 is
preferentially hydrogenated to a *OCOH intermediate. The
formed *OCOH intermediate remains until the inert N^N
triple bond is completely broken and converted into a *NH2NH2

intermediate. Aer that, the *OCOH intermediate is further
reduced to a *CO intermediate and simultaneously one H2O
molecule is released. In the CO pathway, the hydrogenation
process of the N2 molecule has just begun aer the adsorbed
*CO2 is continuously reduced to a *CO intermediate. Speci-
cally, the C–N coupling reaction can occur in any elementary
reaction in this CO pathway, including *CO + *N2 / *NCON,
*CO + *NNH / *NCONH, *CO + *NNH2 / *NCONH2, *CO +
*NHNH / *NHCONH, *CO + *NHNH2 / *NHCONH2, and
*CO + *NH2NH2 / *NH2CONH2. Moreover, many mixed
pathways can be feasible in Fig. 2a, such as * + CO2 + N2 /

*NNH + CO2 / *CO2 + *NNH / *CO2 + *NHNH / *OCOH +
*NHNH / *CO + *NHNH / *NHCONH / *NHCONH2 /

*NH2CONH2 / * + NH2CONH2, * + CO2 + N2 / *NNH + CO2

/ *CO2 + *NNH / *OCOH + *NNH / *OCOH + *NNH2 /

*CO + *NNH2 / *NCONH2 / *NHCONH2 / *NH2CONH2 /

* + NH2CONH2, * + CO2 + N2 / *NNH + CO2 / *CO2 + *NNH
/ *CO2 + *NHNH / *OCOH + *NHNH / *OCOH + *NHNH2

/ *CO + *NHNH2/ *NHCONH2 / *NH2CONH2 / * +
NH2CONH2 and so on. The schematic depiction presents
greater possibilities and more reaction pathways for C–N
bonding formation and urea production.
Catalytic activity of the CuB12 monolayer toward urea
production

Aer complementing the reaction mechanism for electro-
chemical urea production starting from CO2 and N2, the cata-
lytic activity and the optimal reaction process are further
evaluated on the CuB12 monolayer. The optimal catalytic sites
and the initial adsorption congurations of *CO2 and *N2 are
rst screened according to the DG values. Herein, thirteen
possible congurations of the CO2 molecule and N2 molecule
adsorbed on the CuB12 monolayer are considered (Fig. S6 and
S7†). The computed DG values indicate that CO2 and N2 are
favorably adsorbed on the midpoint-B atoms of squares (Fig. 3a,
*CO2 and *N2). The adsorption of *CO2 is exothermic with
a downhill energy of �0.37 eV, while the adsorption of *N2 is
endothermic with an uphill energy of 0.98 eV (Fig. 3b). Never-
theless, the C–O and N–N bond lengths are both still elongated
Chem. Sci., 2022, 13, 1342–1354 | 1345
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Fig. 2 (a) Schematic depiction of all possible mechanisms for urea production. (b) Side view of all optimized possible reaction intermediates for
urea production on the CuB12 monolayer.
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compared to the free CO2 and N2 molecules (from 1.17 Å to 1.22
Å and 1.38 Å for the C–O bond and from 1.16 Å to 1.24 Å for the
N–N bond), and the linear structure of the free CO2 molecule is
greatly bent with the O–C–O angle being 121.09�. It is noted that
1346 | Chem. Sci., 2022, 13, 1342–1354
some catalysts possessing very weak interaction with CO2 and
N2 can still covert them to the corresponding CO, CH4 and NH3,
which can be interpreted by the effective adsorption of the rst
hydrogenated *OCOH and *NNH intermediates.21,57–64
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Top and side views of the optimal geometric structures for *CO2, *N2, *OCOH, *NNH, *CO2 + *N2, *OCOH + *N2 and *CO2 + *NNH
on the CuB12 monolayer. (b) Gibbs free energy diagrams for the first hydrogenation process of CO2 and N2 reduced to a *OCOH + *N2

intermediate and *CO2 + *NNH intermediate. (c) Calculated Gibbs free energy change values (DG, eV) for the four elementary reactions on the
pristine CuB12 monolayer and the CuB12 monolayer with other adsorption intermediates.

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 1342–1354 | 1347
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Therefore, *OCOH and *NNH are also considered to be the
initial C-based reactant and N-based reactant (Fig. 3a, *OCOH
and *NNH). Interestingly, the computed DG values are both
small, that is �0.13 eV and 0.23 eV for the reaction * + CO2 + H+

+ e� / *OCOH and * + N2 + H+ + e� / *NNH, respectively
(Fig. 3b). As a result, four possible reaction pathways are
proposed to form the rst hydrogenated intermediate for urea
production (Fig. 3b), including * + CO2 + N2 + H+ + e� /

*OCOH + N2/ *OCOH + *N2, * + CO2 + N2 + H
+ + e�/ *NNH +

CO2 / *CO2 + *NNH, * + CO2 + N2 / *CO2 + N2 / *CO2 + *N2

+ H+ + e� / *OCOH + *N2, and * + CO2 + N2 / *N2 + CO2 /

*CO2 + *N2 + H
+ + e�/ *CO2 + *NNH. Among them, the * + CO2

+ N2 + H+ + e� / *NNH + *CO2 + *NNH reaction is regarded as
the optimal reaction pathway with the lowest DG value of
0.23 eV, and the *CO2 + *NNH intermediate is regarded as the
optimal initial reactant for urea production. Moreover, the DG
value is the same or slightly lower compared with the elemen-
tary reaction *CO2 + H+ + e� / *OCOH and *N2 + H+ + e� /

*NNH when another N2 molecule or CO2 molecule emerged in
the adjacent catalytic sites (Fig. 3c). Hence, it can be deduced
that the adsorbed *N2 or *CO2 can facilitate the hydrogenation
process of the adjacent sites, which is consistent with previous
reports.21,27,28 However, the adsorption of the CO2 molecule and
N2 molecule is more difficult when the adjacent catalytic site is
occupied by another molecule or intermediate, and the
adsorption free energy increases by �0.60 eV (Fig. 3c). It is
speculated that the delocalized electrons and the multi-center
multi-electron bonds are destroyed somewhat in the squares
aer the rst molecule or intermediate is adsorbed, which
results in an increased DG value for the following adsorption
process. Importantly, the concentration, the ratio and the
cycling period/interval of reactants CO2 and N2 must be opti-
mized to maximize the production of urea and to suppress the
competitive side reaction as mentioned for the PdCu alloy
nanoparticles on TiO2 nanosheets.21

The whole reaction process for urea production beginning
with the rst hydrogenation intermediate of *CO2 + *NNH
through the CO2 pathway, the OCOH pathway, the CO pathway,
the NCON pathway and the mixed pathway on the CuB12

monolayer is systematically investigated and analyzed (Fig. 4
and S8†). In the CO2 and OCOH pathways, the rst hydroge-
nation process (* + N2 + H+ + e� / *NNH) is its potential
determining step for urea production. The corresponding DG
value for this step is 0.23 eV, which decreases to the lowest value
among all previous reports (0.78 eV for the PdCu surface,21

0.48 eV for Mott–Schottky Bi–BiVO4 heterostructures,27 0.54 eV
for BiFeO3/BiVO4 heterojunctions,28 0.49 eV for Mo2B2,30 0.65 eV
for Ti2B2,30 and 0.52 eV for Cr2B2 (ref. 30)). In the CO pathway,
the *OCOH + *NNH intermediate formation from the *CO2 +
*NNH intermediate is its potential determining step, and the
computed DG value is 0.24 eV. In the aforementioned three
pathways, the formation of urea is very straightforward aer the
formation of the rst hydrogenation intermediate for carbon-
based (*OCOH) and nitrogen-based (*NNH) reactants. In the
NCON and mixed pathways, the potential determining step is
the nal hydrogenation step from *NHCONH2 to *NH2CONH2

with a positive DG value of 0.54 eV. Therefore, the maximum
1348 | Chem. Sci., 2022, 13, 1342–1354
limiting potential for different reaction pathways on the CuB12

monolayer is only 0.54 V, indicating superior electrocatalytic
activity toward urea formation. Moreover, the formed urea
molecule on the CuB12 monolayer can be easily released due to
the negligible desorption free energy value (0.02 eV).

Remarkably, the C–N coupling reactions through the
simultaneously adsorbed *CO and various *N2Hy intermediates
(*NNH, *NHNH, *NNH2, *NHNH2, and *NH2NH2) are all
thermodynamically exothermic, expect for *CO + NH2NH2 /

*NH2CONH2 with a slightly positive DG value of 0.11 eV. In
particular, the C–N coupling products *NCONH, *NHCONH,
*NCONH2, and *NHCONH2 are lower by �2.0 eV in energy than
the corresponding C–N coupling reactants *CO + *NNH, *CO +
*NHNH, *CO + *NNH2, and *CO + *NHNH2. Thermodynamic
evaluation demonstrates that the C–N bond formation is
feasible through various pathways. Their kinetic energy barriers
are also investigated to further evaluate the feasibility of form-
ing the urea molecule (Fig. 5). The computed kinetic energy
barrier is 0.84 eV for *NCONH, 0.54 eV for *NHCONH, 1.14 eV
for *NCONH2, 0.68 eV for *NHCONH2 and 0.87 eV for *NH2-
CONH2, respectively. Among them, the lowest kinetic energy
barrier is 0.54 eV for the reaction *CO + NHNH / *NHCONH,
which is also lower compared with those in previous reports
(0.79 eV for the PdCu surface,21 0.58 eV for Mo2B2,30 0.81 eV for
Ti2B2,30 and 0.71 eV for Cr2B2 (ref. 30)), indicating that the C–N
bond coupling on the CuB12 monolayer is kinetically feasible.
Moreover, the computed kinetic energy barriers for *CO and
*N2Hy are comparable to or even lower than that of the direct
coupling reaction between *CO and *N2 (the reaction *CO +
NNH2 / *NCONH2 with a 1.14 eV kinetic energy barrier is
excepted), which indicates that the formation of *NCON species
from *CO and *N2 is not the sole reaction pathway for urea
production. Therefore, it is of signicance to complement the
reaction mechanism and investigate the optimal formation
pathway among all the potential schemes for urea production.
Catalytic selectivity of the CuB12 monolayer toward urea
production

Besides the outstanding stability and activity, the catalytic
selectivity toward urea formation is another intrinsic charac-
teristic that inuences the faradaic efficiency. The computed
DG value for the H atom adsorbed on three different types of B
atoms (from �0.27 eV to 0.14 eV in Fig. S9†) is comparable to
that for the rst hydrogenation step (�0.13 eV for * + CO2 + H

+ +
e� / *OCOH and 0.23 eV * + N2 + H+ + e� / *NNH). The HER
can be efficiently suppressed experimentally by adjusting the
electrolyte pH under neutral conditions. It is thus possible to
maximize the urea production with real experimental adjust-
ments and suppress the inuence of the HER through applied
potentials.61,65 Meanwhile, the adsorbed *H can serve as
a proton source to interact with other reaction intermediates via
the Langmuir–Hinshelwood mechanism.30,66,67

The catalytic selectivity toward urea production compared
to the competitive CO2RR to the C1 product is assessed. As
shown in Fig. 6a and S10,† three possible reduction products
(CO, CH3OH and CH4) are considered in the CO2RR side
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Gibbs free energy diagrams for urea production through (a) the CO2 pathway, (b) the OCOH pathway, (c) the CO pathway, and (d) the
NCON pathway on the CuB12 monolayer at different applied potentials.
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reaction. Their desorption free energies are 0.16 eV for CO,
0.01 eV for CH3OH, and �0.03 eV for CH4, respectively, indi-
cating that these possible reduction products can be easily
© 2022 The Author(s). Published by the Royal Society of Chemistry
released. Moreover, another possible intermediate *OCHO for
the rst hydrogenation step is not considered due to the larger
kinetic energy barrier starting from the adsorbed *CO2. For the
Chem. Sci., 2022, 13, 1342–1354 | 1349
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Fig. 5 Kinetic energy barrier for C–N bond formation through six different pathways. The optimized structures in the initial (IS), transition (TS) and
final states (FS) along the C–N bond formation pathway are shown in insets.
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2e� reduction product CO, the rst hydrogenation process
(*CO2 + H+ + e� / *OCOH) is its potential determining step
with a DG value of 0.23 eV. The formed CO molecule can
further react with the *N2Hy intermediates via the Eley–Rideal
mechanism, which is also benecial for urea formation.30,66,67

For the 6e� reduction product CH3OH, the reaction *OCH2 +
H+ + e�/ *OHCH2 is the potential determining step with a DG
value of 0.33 eV. Remarkably, the *OCH2 intermediate is
attacked by a proton-electron (H+/e�) pair to form the *OCH3

intermediate with a negative DG value of �0.40 eV, or to form
the *OHCH2 intermediate with a positive DG value of 0.33 eV.
To further assess the product distribution of CH3OH and CH4,
the Boltzmann distribution formula exp[�(DG)/(kBT)] is
employed based on the Gibbs free energy difference.68 The
computed CH3OH : CH4 molar ratio is 1 : 2.19 � 1012 at
ambient temperature, indicating a strong selectivity toward
the CH4 product on the CuB12 monolayer. Therefore, the 6e�

reduction product CH3OH is not the major competitive
product. For the 8e� reduction product CH4, the reaction *O +
H+ + e� / *OH is its potential determining step with a DG
value of 0.60 eV, which is larger than the maximum DG value
(0.54 eV) for urea production. These data suggest that the
formation of CH4 can be greatly suppressed on the CuB12

monolayer. Moreover, the further reduction of *CO should be
prohibited on the CuB12 monolayer, which can improve the
selectivity toward urea production. To better conrm the
excellent catalytic selectivity toward urea production, the
energy barriers of CO desorption and its further reduction to
a *CHO intermediate are also computed (Fig. S11–S14†). It is
obvious that *CO is preferred to be released due to a relatively
lower kinetic energy barrier (0.84 eV) than that for the further
reduction to a *CHO intermediate (1.76 eV). Therefore, the CO
1350 | Chem. Sci., 2022, 13, 1342–1354
molecule is kinetically the nal reduction product, which is
also favorable to synthesize urea.

The catalytic selectivity toward urea production compared to
the competitive CO2RR to the C2 product is also assessed, in
which the whole reaction pathways and the corresponding
intermediates are investigated (Fig. 6b and S15†). As shown in
Fig. 6b, the adsorption and hydrogenation of the second CO2

molecule to generate the *CO2 + *OCOH intermediate is uphill
by 0.41 eV in the Gibbs free energy diagram, which is the
potential limiting step to form the C2 product. The formed
*CO2 + *OCOH intermediate is preferred to be hydrogenated to
the *CO2 + *CO intermediate through releasing one water
molecule rather than the *OCOH + *OCOH intermediate due to
the relatively lowerDG value (0.11 eV for *CO2 + *CO and 0.29 eV
for *OCOH + *OCOH). Aerward, the *CO2 + *CO intermediate
can be continuously attacked by two H+/e� pairs to generate the
*OCOH + *CO intermediate and *CO + *CO intermediate with
a positive DG value of 0.13 eV and 0.14 eV, respectively. The C–C
coupling reaction of the *CO + *CO intermediate to obtain the
*OCCO intermediate is an exothermic process with a downhill
energy of 0.33 eV. Two O atoms of the *OCCO intermediate are
attacked by another two H+/e� pairs to form the *OCCOH
intermediate and *OHCCOH intermediate with a negative DG
value. The next hydrogenation step of the *OHCCOH interme-
diate can generate the *CCOH intermediate followed by the
generation of one H2O molecule, and the computed DG value
for this step is 0.09 eV. Subsequently, the *CCOH intermediate
can be continuously reduced to *CHCOH, *CHCOH, *CH2COH,
*CCH2, *CHCH2 and *CH2CH2 intermediates by ve H+/e�

pairs with no energy demand. Finally, a free CH2CH2 molecule
can be generated aer overcoming a thermodynamic barrier of
0.85 eV. According to the above discussion, two CO2 molecules
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Gibbs free energy diagrams for (a) the CO2 reduction reaction to C1 products (CO2RR-C1), (b) the CO2 reduction reaction to C2 products
(CO2RR-C2) and (c) the N2 reduction reaction (NRR) on the CuB12 monolayer.
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can be nally converted to CH2CH2 on the CuB12 monolayer.
The corresponding potential limiting step is the rst hydroge-
nation step (*CO2 + CO2 + H+ + e� / *CO2 + *OCOH) with
a maximum DG value of 0.41 eV, which is still higher than the
optimal DG value of the reaction * + N2 + H

+ + e� / *NNH (0.23
eV) to produce urea. Encouragingly, the competitive reaction of
CO2 reduction to CH2CH2 can be greatly suppressed on the
CuB12 monolayer.

The selectivity of the CuB12 monolayer toward urea produc-
tion compared with the NRR competitive reaction is also eval-
uated, where all possible reaction mechanisms and
intermediates are considered (Fig. 6c and S16†). The optimal
reaction pathway for NH3 formation is N2 / *NNH/ *NHNH
/ *NHNH2 / *NHNH3 / *NH / *NH2 / *NH3 / NH3.
During this procedure, the generation of the rst hydrogenation
intermediate *NNH possesses a maximum DG value of 0.23 eV.
Unfortunately, the potential determining step and the limiting
potential for the byproduct NH3 and the targeted urea are both
© 2022 The Author(s). Published by the Royal Society of Chemistry
identical. From another point of view, the NH3 product is
exactly the right reactant to synthesize urea in industrial
processes, so it can probably promote the urea formation by
other approaches.
Conclusions

In summary, the entirely planar CuB12 monolayer with superior
stability is identied to be a global-minimum conguration
aer a comprehensive search combined with rst-principles
calculation. The B atoms at the midpoint of the edges of the
squares are rstly conrmed to be distinguished non-metal
catalytic sites, which provide an electrocatalyst to convert the
CO2 molecule and N2 molecule into urea. On the CuB12

monolayer, all possible reaction pathways starting from the CO2

molecule and N2 molecule for urea production, including the
CO2 pathway, OCOH pathway, CO pathway, NCON pathway and
feasible mixed pathways, are systematically investigated, which
Chem. Sci., 2022, 13, 1342–1354 | 1351
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enrich the recognition of urea formation. Most importantly, the
limiting potential of urea production through the CO2 pathway
and OCOH pathway is 0.23 V, which is much lower than the
values of reported urea catalysts. The minimal kinetic energy
barrier is 0.54 eV through *CO and *NHNH coupling reactions
among six possible C–N coupling reactions accompanied by the
hydrogenation of N2, which is 0.28 eV lower than that through
*CO and *N2 coupling reactions. Furthermore, the competitive
CH3OH and CH4 products can be suppressed in the urea
formation process. This study will stimulate more experimen-
talist and theorist efforts to apply the perfected urea formation
pathways and C–N formation pathways to explore other high-
performance urea catalysts.

Methods
Global-minimum structure prediction

The global-minimum structure prediction of the CuB12 mono-
layer was performed by the particle-swarm optimization (PSO)
method within the evolutionary scheme as implemented in the
CALYPSO code,69 which can efficiently search for ground or
metastable structures just depending on the input chemical
compositions. Both planar and puckered structures are
considered during its structure search. The population size and
the number of generations are set to be 50 and 30, respectively.
Unit cells containing 1 and 2 formula units (f.u.) are considered.

DFT computations

All rst principles calculations were performed by spin-
polarized density functional theory (DFT)70 via the Vienna ab
initio simulation package (VASP).71 The ion-electron interac-
tions were expressed by the projector augmented wave (PAW)
pseudopotential.72 The electronic exchange-correlation effects
were described with the generalized gradient approximation of
the Perdew–Burke–Ernzerhof (PBE) functional with the gener-
alized gradient approximation (GGA).73 The solvation effects
were simulated using the linearized implicit Poisson–Boltz-
mann solvation model as implemented in the VASP (VASP-sol),
where the dielectric constant for water was considered to be
80.74,75 Grimme's semiempirical DFT-D3 approach was chosen
for the van der Waals (vdW) interaction between reaction
intermediates and the CuB12 monolayer.76,77 A vacuum distance
of 20 Å along the z direction was used to minimize interaction
between periodic images, and a 2 � 2 supercell was employed
to investigate the catalytic activity of the CuB12 monolayer. The
lane-wave cutoff energy was set to be 500 eV in all computations,
and the Monkhorst–Pack k-point mesh resolution in reciprocal
space was set to be 2p � 0.025 Å�1 for all structures. The
structures were optimized with an energy convergence of
10�5 eV and a force convergence of 10�2 eV Å�1 for each atom,
respectively.

Stability evaluation

The phonon dispersion spectra were computed using the nite
displacement method with the PHONOPY program.78 The ab
initio molecular dynamics (AIMD) simulations were performed
1352 | Chem. Sci., 2022, 13, 1342–1354
in the NVT ensemble with a time step of 1.0 fs for 10 ps with a 3
� 3 supercell. Different temperatures (T ¼ 300 K, 600 K, 900 K,
1200 K, 1500 K) were controlled using the Nosé–Hoover
method.79

Free energy computations

The Gibbs free energy diagram of each elementary step in the
electrochemical synthesis of urea was obtained by using the
computational hydrogen electrode (CHE) model proposed by
Nørskov et al.80,81 The transition states and kinetic barriers for
the C–N coupling reaction were identied by the climbing-
image nudged elastic band (CI-NEB) method.82 The computa-
tional details of global-minimum structure prediction and
Gibbs free energy can be found in the ESI.†
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