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ABSTRACT: A boron (B) center, which has an electronic structure mimicking the filled

and empty d orbitals in transition metals, can effectively activate the triple bond in N, so
as to catalyze the nitrogen reduction reaction (NRR). Here, by means of density
functional theory, we have systematically investigated the catalytic performance of a single
B atom decorated on two-dimensional transition metal carbides (MXenes). The B-doped
Mo,CO, and W,CO, MXenes exhibit outstanding catalytic activity and selectivity with
limiting potentials of —0.20 and —0.24 V, respectively. Importantly, we have found that,
although a high tendency of B-to-adsorbate electron donation can promote the
hydrogenation of *N, to *N,H, it would also severely hamper the *NH, to *NH;
conversion due to the strong B—N bonding. Such an electron-donation effect can be
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reasonably tuned by the transition metal in the MXene substrate, which enables us to
achieve optimized catalytic performance with a certain moderate degree of electron donation.

As a basic component for the production of fertilizers that
sustain the global food supply, ammonia (NH;) is one of
the most important chemicals in modern life.' Consequently,
its synthesis has attracted intense interest all over the world for
decades.”™* The current industrial manufacture of NH, relies
on the energy-intensive Haber—Bosch process, which requires
harsh reaction conditions (~500 °C and ~30 MPa) and
involves coactivation of the reactant hydrogen (H,) and
nitrogen (N,) gases with the use of heterogeneous iron-based
catalysts.” Though exothermic (46.1 kJ/mol) in nature,” NH,
synthesis at ambient conditions is extremely challenging
because of the strong N=N triple bond (dissociation energy:
945 kJ/mol)” and the large HOMO—LUMO gap (10.82 eV).*
Nevertheless, taking its inspiration from N, biological fixation
with nitrogenase enzymes in bacteria,””'? the electrochemical
N, reduction reaction (NRR) to NHj; holds great promise to
provide a green and sustainable way for NH; production at
room temperature and atmospheric pressure.'~'* To the
present day, a variety of catalysts based on transition
metals>™?° and their oxides,*™° nitrides,””’° and car-
bides®"** have been proposed for electrochemical NRR.
Unfortunately, an efficient heterogeneous catalyst that can
exhibit sufficiently low overpotential, high Faradaic efficiency,
and long durability is still beyond reach.'"”'* Developing
inexpensive, selective, and stable catalysts for electrochemical
NRR therefore remains one of the fundamental issues in this
field.

From a mechanistic point of view, NRR through electro-
chemical approaches proceeds through a series of N,H, and
NH,, intermediates, among which the formation of N,H, i.e.,
the inclusion of the first H"/e™ pair to the N, molecule, is
generally the rate-determining step.13 In this context, the
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weakening of the N=N bond upon the adsorption of a N,
molecule on the catalyst surfaces is of paramount importance.
For transition metal catalysts, the N, would denote electrons
from its bonding orbitals to the unoccupied d orbitals of the
transition metal while accepting electrons from the occupied d
orbitals to the antibonding 7*-orbitals of N,.”> This electron
back-donation promotes N, activation for the successive
reactions. Recently, it was demonstrated that strong back-
donation from boron (B) centers to N, can effectively realize
N, reduction.””** Following up on this finding, several studies
have shown that a single B atom decorated on graphene, g-
C;N,, black phosphorus, et al. can lead to relatively high
reactivity for N, reduction.’*™*° However, for most of the
above catalysts, the substrates are composed of main group
elements, whereas the effect of d orbitals of transition-metal-
containing substrates on the catalytic activity of B centers has
not yet been explored. The investigation of the change in
catalytic performance, tuned by the interplay between
transition-metal d orbitals and B p orbitals, could contribute
to a greater chance for finding suitable catalysts for NRR and
understanding the roles of the B centers.

Herein, we investigate the potential of two-dimensional
transition-metal carbides (M,,;C,), so-called MXenes, as the
substrates for single-boron catalysts. In the formula, “M”
represents early transition metals (Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo, W), and n = 1, 2, or 3. Owing to their high electronic
conductivity, large surface areas, and tunable surface
composition,‘“’42 MXenes are receiving increasing interest as
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promising candidates for use in catalysis.”*>**~* It is worth

mentioning that the basal planes of MXenes are generally
terminated by functional groups (—OH, —F, and —O) after
hydrogen fluoride treatment during their synthesis.*’ Recent
studies have also shown that high-temperature annealing can
transform the OH-terminated MXene surfaces into O
terminations.’® Therefore, in this work, we have chosen the
O-terminated M,CO, MZXenes as representatives for the
investigation of single-boron NRR catalysts. State-of-the-art
density functional theory (DFT) calculations®”*'~>* with
dispersion corrections (calculation details can be found in
the Supporting Information) are carried out to unravel the
mechanism of NRR for single-boron catalysts and to find out
the potential MXene substrates that exhibit high catalytic
activity and desirable catalytic selectivity. From our calcu-
lations, we propose that B-doped Mo,CO, and W,CO, are
ideal candidates for electrochemical NRR and that a certain
moderate degree of B-center-mediated electron donation, as
controlled by the transition-metal d orbitals in the substrate, is
required for the superior catalytic performance. This study
highlights the tenability of single-boron catalysis via d-band
substrates and can shed light on the design of novel
electrochemical NRR catalysts based on B centers.

Previous studies have found that the coverage of surface
groups on MXenes is far from uniform, which can therefore
introduce an appreciable amount of oxygen vacancies for the
O-terminated MXenes.”>*> It can be anticipated that the
introduced B atom would prefer to place itself at the O-
vacancy site, taking the form of a substitutional B dopant in the
O layer (Figure 1a). We have examined the intrinsic stability of
a single B atom in MXenes by calculating the binding energies
between B and MXenes with O vacancies (Table S1). Our
calculation results of over 2 eV indicate sufficiently strong
binding of the B atom to the MXenes, which is further
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Figure 1. (a) Top and side views of the structure of B-doped MXene.
Charge density difference of N, adsorption on B-doped Mo,CO, via
(b) side-on and (c) end-on patterns. Color code: metal in orange,
carbon in black, oxygen in red, boron in green, and nitrogen in blue.
(d) Adsorption energies of N, on O vacancies and B centers for
different MXenes.

confirmed by the relatively high barrier for B diffusion out of
the O vacancy and the kinetic stability of the B-doped MXene
exhibited in the ab initio molecular dynamics simulations
(Figure S1). Therefore, the B atoms on MXenes will show little
tendency to aggregate into clusters,’® which guarantees good
durability of the B-doped MXene catalysts during operation.

As mentioned above, electron back-donation can exert
significant influence on NRR performance. Here, we find that
for all of the single-boron MXene catalysts, the N, gas can be
preferentially chemisorbed on the B center. Two kinds of
adsorption patterns (side-on and end-on) are examined, both
of which involve a substantial charge redistribution with
characteristics of strong electron back-donation effects, as
demonstrated by the charge density difference shown in Figure
1b,c (exemplified by B-doped Mo,CO,). Charge accumulates
between B and N atoms, indicating the formation of B—N
bonds, which can be accounted for by the N, to B electron
donation.”*** The electrons on the B atom are back-donated
to the antibonding #* orbitals of N,, thus reducing the N—N
bond strength and resulting in the charge depletion region
between two N atoms. The N—N bond length is also elongated
from 1.11 to 121 and 1.14 A for side-on and end-on
adsorption, respectively, with 0.6 and 0.4 e excess electrons
accumulated on N,.

Comparing between the adsorption of N, on a B center and
that on an O vacancy (Figure 1d), it is found that N,
adsorption is energetically favored on a B center for both
patterns, while adsorption on an O vacancy involves a more
positive adsorption energy for each MXene catalyst. This
indicates that the interaction between N, and O vacancies on
MXenes is much weaker than that between N, and B,
demonstrating the role of B centers for serving as catalytic
active sites for NRR. N, adsorption via the end-on pattern is
considerably more stable than that via the side-on pattern,
which is also observed in other systems.’”** Therefore, the
side-on pattern is not eligible for the following investigation of
NRR on B-doped MXenes.

From the end-on adsorption of N,, two typical pathways, i.e.,
the distal and alternating pathways wherein the protons
consecutively attack the N atoms, are illustrated in Figure
2a.%"""* In the distal pathway, the remote N atom is
hydrogenated first, releasing the first NH; molecule, after
which protons add to the remaining N atom to produce the
second NH;. In the alternating pathway, both N atoms are
hydrogenated simultaneously, and only when the fifth proton is
added to the N, can the first NH; be released. Occasionally,
NRR can proceed by a mixed pathway that shifts between
distal and alternatin% pathways (there are three mixed
pathways available).**"*” To evaluate the NRR performance,
all of the elementary steps associated with distal and
alternating pathways (Figure S4) are taken into consideration,
and the reaction pathway for each B-doped MXene is
determined by the most energetically favorable intermediate
at each hydrogenation step. Our DFT-D3 results predict that
NRR on all of these catalysts prefers to adopt the mixed
pathway with the following intermediates: *N, — *N-NH —
*N-NH, — *NH-NH, — *NH — *NH, — *NH, (Mixed 3
pathway), which is different from classical materials.""
Intriguingly, for group IV (Ti, Zr, Hf) and V (V, Nb, Ta)
MXenes, the last hydrogenation step is identified as the
potential limiting step (PDS), similar to that of B-doped
graphene. This is unlike most of the transition-metal-based
catalysts,sg’59 as well as group VI (Cr, Mo, W) MXenes in our
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Figure 2. (a) Schematic illustration of the distal, alternating, and mixed pathways for electrochemical NRR. (b) Free energy change at PDS for all
single-boron MXene catalysts. The PDS for group IV and V MXenes is *NH, — *NHj, while for group VI MXenes, the PDS is *N, — *N-NH.
The free energy profiles for NRR catalyzed by group (c) IV, (d) V, and (e) VI MXenes with B centers.
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Figure 3. (a) Valence states of the B atom in B-doped MXenes. (b) Free energy change of the first hydrogenation step as a function of the excess
electrons on N, when it is adsorbed on the B center. (c) Free energy change of the last hydrogenation step as a function of the change in the total

electrons () between *NH; and *NH, adsorbates.

study, for which the PDS is imposed by the first hydrogenation
step.

Figure 2b summarizes the free energy change at the PDS for
all B-doped MXenes, in which a downward trend can be
discerned from group IV to group VI For group V and VI
MZXenes, the Gibbs free energy change for the PDS (AGppg) is
well below that on the Ru(0001) surface (1.08 eV), indicating
favorable intrinsic catalytic activity for NRR. Among them, the
B-doped Mo,CO, and W,CO, exhibit the most promising
catalytic activity, with AGppg as low as 0.20 and 0.24 eV,
respectively. These values are competitive with other
theoretically studied single-boron NRR catalysts, such as B-
doped g—C3N4 (0.20 eV),>” MoS, (0.35 eV),” and graphene
(0.41 eV).*

The Gibbs free energy profiles corresponding to the B—
N,H, intermediates are depicted in Figure 2c—e. It is apparent
that the profiles for MXenes with transition metal elements in
the same group in the periodic table show remarkable
similarity, which is to be expected due to their similar
electronic properties.” For group IV MXenes, the first
hydrogenation step is exothermic, while for other MXenes an
energy input is required. Meanwhile, from group IV to group
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VI, the *NH, — *NHS; step is becoming more thermodynami-
cally accessible to proceed, with AG decreasing from more
than 1.0 eV to around 0.1 eV. In addition, we discovered that
the release of the second NH; from the catalyst surface
generally requires a rather large activation energy, making the
desorption of the formed NH; the rate-determining step.
Nevertheless, the *NH; species could be easily attacked by
protons to form NH," in strongly acidic solutions,®>®'~%*
rendering the desorption process to proceed without any
obstacle in the catalytic cycle.

In order to further understand the superior catalytic activity
of the B-doped Mo,CO, and W,CO, for electrochemical
NRR, we inspect the valence state of the B atom along the
reaction pathway for all MXene catalysts through Bader charge
analysis. As can be seen in Figure 3a, the B atom is
accommodated as anions in the substrate, with the injection
of electrons from the transition metal to the B p orbitals.
Hence, the B center acts as an electron transmitter, while the
substrate acts as an electron reservoir for the regulation of
charge in the catalytic cycle (Figure SS). The interplay
between transition-metal d orbitals and B p orbitals can
effectively control the valence state on the B atom, as well as
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Figure 4. (a) Catalytic activity for HER. (b) Plots of U (NRR) — U (HER) vs U (NRR) illustrating the NRR performance of single-boron

catalysts with MXene substrates.

the charge variation along the pathway. The smaller amount of
accumulated charge on B in group VI MXenes would imply
that the B center may have a lower tendency to inject electrons
to the adsorbates.’® This is further substantiated by the fact
that there is a lower amount of excess electrons on N, for
group VI MXenes according to Bader charge analysis. The
partial density of states in Figure S7 also reveals the occupation
of N 7* orbitals. These occupied states (in the range of —2—0
eV below the Fermi level) overlap with the B p states,
demonstrating the electron back-donation from B to N,. We
can see that the degree of electron donation, quantified by the
excess electron on N,, is linearly correlated with the energy
input for the addition of a hydrogen atom (Figure 3b). B-
doped Cr,CO,, with electron deficiency on B, is reluctant to
donate electrons and thus displays the highest uphill free
energy at the first hydrogenation step. It is worth mentioning
that the B atom in group IV and VI MXenes is ferromagnetic,
while it is not in group V MXenes (Figures S6 and S7). The
occurrence of spin-polarization means that these electrons are
unpaired and have higher energy than the non-spin-polarized
electrons in the same system.””®* Hence, spin-polarized
electrons on B are more prone to pair with foreign electrons,
which can be the reason behind the higher degree of electron
back-donation for group IV MXenes as compared with those
for group V, even though the valence states of B for both are
on the same scale.

The high tendency of electron donation compels us to treat
the B center in group IV MXenes as a comparatively strong
Lewis base. This, however, can be detrimental to the last
hydrogenation step, as shown in Figure 3c. The strong bonding
between the B center and *NH, intermediate, arising from
such electron transfer, would lead to an approaching eight-
electron configuration of the *NH, species. This corresponds
to a relatively small difference in total electrons between *NH;
and *NH, (~0.2 e for group IV MXenes) and a substantially
large energy penalty for the final H"/e™ gain on *NH, due to
its stable electronic structure. In contrast, if the B—N bonding
is weak, the *NH, species would be far from the noble-gas-like
eight-electron configuration, in which case, this N atom has a
radical character and therefore will be more energetically
favored to be attacked by protons. The linear relationship
between AG(*NH, — *NH,) and the difference in total
electrons (5) on *NH,/*NH; species demonstrates the great
impact of B-to-adsorbate electron donation on determining the
reaction energy at this elementary step. This influence is
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opposite to the first hydrogenation step (Figure 3b) where
electron donation is beneficial to high catalytic activity. These
trends can explain our observation of the switch of PDS for
MZXene catalysts in different transition metal groups and
suggest that a certain moderate degree of electron donation
from the B center will be desirable to the overall catalytic
activity.

Besides the consideration of catalytic activity, the difference
between the limiting potentials for electrochemical NRR and
the competing hydrogen evolution reaction (HER) is another
metric for catalytic performance.””® The limiting potential
(Uy) is defined as the lowest negative potential at which all of
the elementary steps are exergonic.'* The catalytic activity for
HER at the B center can be evaluated by the free energy profile
shown in Figure 4a. The calculated free energy changes for
HER are above those of NRR for all of the B-doped MXene
catalysts. It is noted that Mo,CO, and W,CO, are located at
the top right-hand corner of Figure 4b, indicating that they can
combine excellent catalytic activity and high catalytic
selectivity. Our results not only offer encouraging perspectives
for further experimental examination of both materials as the
potential catalyst candidates but also for the first time
demonstrate the tenability of both catalytic activity and
selectivity by a transition metal in the substrate, which can
inspire and inform the design of novel single-boron catalysts
for NRR.

In summary, we have conducted DFT calculations to
evaluate the potential of single-boron catalysts with MXene
substrates in electrochemical NRR and revealed the reaction
mechanisms for B center catalysis. B-doped Mo,CO, and
W,CO, are singled out as the most promising candidates with
high catalytic activity and selectivity, on which the limiting
potentials for NRR are only —0.20 and —0.24 V, respectively.
Either the first or the last hydrogenation step is identified as
the PDS, depending on the degree of B-to-adsorbate electron
donation, which is governed by the interplay between
transition-metal d orbitals and B p orbitals. A higher tendency
of electron donation can enable efficient N, activation, whereas
a lower tendency can grant the *NH, intermediate a radical
nature that reduces the energy input for hydrogenation. In this
regard, a certain moderate degree of electron donation, tunable
by the transition metal in the catalyst substrates, would be
desirable for NRR, which offers new insights toward the
discovery of high-performance catalysts based on B centers.
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